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glioxal  y  metilglioxal  en  galletas.  Estudios  sobre  la  influencia  de 















































3.2. Mecanismo de acción del efecto  inhibidor de  la piridoxamina sobre  la 
formación de acrilamida. 







4.2. Estimación  de  la  ingesta  en  la  población  española  de 
hidroximetilfurfural, y sustancias relacionadas, a partir del café. 
 
Capítulo  5.  Puesta  a  punto,  validación  y  acreditación  (norma  UNE  EN 
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Las consecuencias directas de  la aplicación del  tratamiento  térmico sobre  los alimentos son, 
por una parte, las relativas a los aspectos básicos de higienización y prolongación de la vida útil 
de  los mismos,  y  por  otra,  la  inducción  de  una  serie  de modificaciones  físico‐químicas  que 
ofrezcan  al  consumidor  un  producto más  agradable.  Sin  embargo,  las  reacciones  entre  los 
constituyentes del alimento pueden dan lugar a una serie de nuevos compuestos que, no sólo 
tienen  implicaciones en el aroma,  sabor y color,  sino que  también poseen una determinada 




En  los  últimos  años,  dos  nuevos  contaminantes  químicos  de  procesado,  acrilamida  e 
hidroximetilfurfural (HMF), han despertado un gran interés en la comunidad científica debido a 
sus  efectos  toxicológicos.  Desde  el  descubrimiento  en  abril  de  2002,  de  la  presencia  de 
acrilamida en diversos  alimentos  ricos en hidratos de  carbono de  alto  consumo en  la dieta 
occidental,  se  han  llevado  a  cabo  diferentes  estudios  con  el  fin  de  mitigar  su  formación 
durante  el  procesado.  Por  tanto,  profundizar  en  el  conocimiento  de  las  variables  y/o 





debido a  la  falta de datos existentes en  la bibliografía sobre su exposición, resulta necesario 
realizar estudios de estimación de ingesta en la población. Estos estudios irán enfocados hacia 















• Estudiar  los constituyentes del alimento así como el efecto de  las principales variables 
que intervienen en el tratamiento térmico sobre la química de formación de acrilamida 
e HMF.  




• Evaluar  los niveles de  acrilamida en diversos  grupos de  alimentos  comercializados en 
España. 
• Estimar  la  ingesta  de  acrilamida  e  HMF  en  la  dieta  española  a  través  de  sus  dos 
principales fuentes de exposición: las patatas fritas y el café, respectivamente. 
• Validar  una metodología  analítica  para  la  determinación  de  acrilamida  en  alimentos 

















































































































acrilamida  e  HMF  en  una  formulación  convencional  de  galleta  de  desayuno.  Se  estudia  el 
efecto de  los compuestos fenólicos del aceite de oliva, además del efecto de  la oxidación del 
aceite. El trabajo experimental incluido en este artículo fue desarrollado durante una estancia 




líquidos  de  alta  eficacia  con  detector  ultravioleta  (HPLC‐UV),  capaz  de  cuantificar  los 
compuestos dicarbonílicos glioxal y metilglioxal en muestras de galletas, así como su posterior 
validación.  Este  trabajo  resultó  muy  útil  debido  a  la  poca  información  existente  en  la 






glicación  proteica  en  sistemas  biológicos.  Numerosos  trabajos  previos  han  revelado  su 
excelente  capacidad  para  inhibir  la  formación  de  productos  avanzados  de  glicación  (AGEs) 












el  mecanismo  mediante  el  cual  la  piridoxamina  inhibe  la  formación  de  acrilamida,  en  el 















de  aperitivo  en  base  a  datos  de  consumo  de  alimentos  tanto  del Ministerio  de Agricultura 





ha  demostrado  su  bioactivación  hacia  su  derivado  genotóxico  y  mutagénico  5‐
sulfoximetilfurfural  (SMF),  incluyéndose  por  ello  en  el  grupo  de  los  nuevos  contaminantes 
químicos de procesado. Este descubrimiento ha motivado a la comunidad científica a recopilar 
y  actualizar  la  información  sobre  la  ingesta de HMF  a  través de  los  alimentos  con el  fin de 
evaluar  su  riesgo.  Este  trabajo  aborda por primera  vez  la  situación de  la  ingesta de HMF  a 
partir del café en España.   
 
La  parte  experimental  finaliza  con  la  optimización  y  validación  del  método  analítico  para 





de  la  formación de acrilamida e HMF,  inhibición e  ingesta, adquirido a  lo  largo de  los  cinco 
capítulos  conduce  a  las  Conclusiones  más  relevantes  de  este  trabajo  de  investigación, 
recogidas  en  el  Bloque  VI.  En  el  Bloque  VII,  se  expone  los  resultados  obtenidos  en  los 
diferentes  ejercicios  de  intercomparación.  Por  último,  se  citan  otros  trabajos  científicos 
relacionados  con  la  presente Memoria  y  publicados  en  colaboración  con  otros  centros  de 





































































food contaminants.  In addition, a section  is dedicated  to  the Maillard reaction since  it  is  the 
main reaction responsible  for the  formation of acrylamide and HMF. Finally this section gets 
insight  about  toxicology,  formation  pathways,  analytical methods, mitigation  strategies  and 
levels of these heat‐induced contaminants in foods.  
 






formation.  These products, due  to  their  relatively widespread  consumption,  could be  a  key 
source  of  acrylamide  in  the  Spanish  diet.  Therefore,  the  relationship  between  acrylamide 
intake and population factors is presented.  
 
Besides  food  composition,  heat  processing  conditions  also  affects  on  the  formation  of 
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In  the  Article  2.1  an  analytical method  using  HPLC  with  UV  detection  was  developed  to 
measure  glyoxal  and methylglyoxal  in  cookies with  a  posterior  in‐house  validation.  Further 






In  the Article  3.1,  the  first  one  related  to  inhibition  chapter,  pyridoxamine  is  studied  as  a 
possible inhibitor of acrylamide. Pyridoxamine has been described as a post‐Amadori inhibitor 
capable of inhibiting the formation of advanced glycation end‐products in vivo and in vitro. The 



























In  the Article  4.2  the dietary  intake of HMF  roasted  coffee was  studied. HMF  is  a  classical 
chemical marker  of  the  extent  of  the  thermal  treatment  in  food.  HMF  has  attracted  the 
attention  of  the  scientific  community  in  recent  years  because HMF  has  been  shown  to  be 













and HMF  formation,  inhibition and  intake, acquired  in previous chapters,  finally  leads  to  the 
formulation of the final conclusions (Part VI). References are found in Part VII. Finally, the Part 
VIII  shows  the  successful  participation  in  different  interlaboratory  comparison  studies. 
Additionally, other research papers related  to  the  thesis were published  in cooperation with 





































































































El  procesado  de  alimentos  se  puede  considerar  como  el  conjunto  de  prácticas  que  utilizan 
tecnologías  y  técnicas  para  transformar  los  alimentos  crudos  o  productos  intermedios  en 
alimentos listos para el consumo (Lineback y Stadler, 2009). La salazón y el secado fueron dos 
de  los primeros métodos utilizados por el hombre para  transformar alimentos  con el  fin de 
preservarlos y mejorar su sabor. El procesamiento de los alimentos ha permitido avanzar en el 
abastecimiento alimentario al prolongar su vida útil y aumentar  la variedad de  los productos 
disponibles. Sin embargo,  tanto  los hábitos alimentarios  como  las  técnicas de procesado de 
alimentos han ido evolucionando a lo largo de los años. Se ha pasado de cubrir meramente las 






que  el  alimento  es  procesado,  directamente  sobre  el  fuego,  hervido,  asado,  frito,  etc.,  así 




potencialmente  tóxicos. Aunque  la presencia de estas sustancias  tóxicas puede ser causa de 
alarma,  siempre  es  necesario  evaluar  en  un  contexto  amplio  los  beneficios  y  riesgos  que 
















La RM ha  sido  reconocida durante más de 60  años  como  la principal  ruta  implicada  en  las 
propiedades  organolépticas  de  los  alimentos  tratados  térmicamente,  y  en  general,  en  la 




están  presentes  en  la  mayoría  de  los  alimentos  que  se  consumen  en  la  dieta  de  países 
occidentales.  La  RM  es  especialmente  importante  para  la  industria  alimentaria,  ya  que  se 
desarrolla durante los procesos de tostado, horneado o cocinado entre otros, confiriendo a los 





tratamiento sobre  la seguridad y  la calidad de  los productos (Van Boekel y col., 2010). Aparte 
de  su  influencia en  las propiedades organolépticas,  la RM está  implicada en otros  aspectos 
entre  los  que  se  incluyen  el  deterioro  de  los  alimentos  durante  su  procesado  y 
almacenamiento y el efecto protector de determinados PRM con propiedades antioxidantes y 
antimicrobianas.  Sin  embargo,  la RM  también  está  implicada  en  la  formación de  sustancias 
perjudiciales,  como  las  aminas  heterocíclicas  o  el  furano  que  se  describen  en  el  siguiente 






La  RM  fue  descrita  por  primera  vez  en  1912  por  el  químico  francés  Louis  Camille Maillard 
(Maillard,  1912).  Sin  embargo,  fue  John Hodge quien  en  1953  propuso por  primera  vez  un 








Etapa  inicial:  Comienza  con  una  reacción  de  condensación  entre  el  grupo  carbonilo, 
normalmente de un  azúcar  reductor,  aunque  también puede  ser un  compuesto  carbonílico 
generado en  la etapa  intermedia de  la RM o procedente de  la oxidación  lipídica, y un grupo 
amino  libre de un aminoácido, péptido o proteína originándose una base de Schiff (Figura 1). 
Por  ciclación,  la  base  de  Schiff  se  transforma  rápidamente  en  la  glicosilamina  N‐sustituida 
correspondiente.  Cuando  la  base  de  Schiff  es  una  aldosilamina N‐sustituida,  se  forma  la  1‐









Producto de Amadori reorganizado
1-amino-1-deoxi-2-cetosa
pH > 7 pH < 7pH > 7
Reductonas Productos de fisión
(acetol, diacetilo, piruvaldehído, etc.)

































de  agua,  la  reacción  predominante  es  una  enolización‐1,2  que  da  lugar  a  la  formación  de 
furfural cuando el azúcar reductor implicado es una pentosa o hidroxilmetilfurfural en el caso 
de  una  hexosa.  Por  el  contrario,  a  pH  básicos  tiene  lugar  una  enolización‐2,3  formándose 
reductonas y una variedad de productos de fisión tales como acetol, piruvaldehído y diacetilo, 







El  producto  de  Amadori  puede  degradarse  también  vía  oxidativa  hacia  compuestos 
carbonílicos  (ruta  de  Namiki).  Los  compuestos  dicarbonílicos  producidos,  mediante  la 





reorganizaciones  y  condensaciones  originando  dos  clases  diferentes  de  compuestos:  los 
compuestos aromáticos volátiles, siguiendo la via paralela de Strecker, y las melanoidinas.  
 
Las melanoidinas  son  polímeros  coloreados  producidos  por  reacciones  de  condensación  de 
compuestos con grupos amino procedentes de las etapas intermedias de la RM como pirroles 
















Los  compuestos 1,2‐dicarbonílicos  se  forman durante el  calentamiento y/o almacenamiento 
prolongado  de  los  alimentos,  principalmente  a  partir  de  la  autoxidación  de  la  glucosa,  la 
degradación del producto de Amadori o por  fragmentación de  las deoxiosonas. Este proceso 
ocurre  principalmente  en  alimentos  ricos  en  hidratos  de  carbono,  y  especialmente  en 




las  melanoidinas.  En  la  Figura  4  se  muestran  11  compuestos  dicarbonílicos  que  pueden 
formarse  a  partir  de  monosacáridos  (Thornalley,  2005).  Una  de  sus  principales  rutas  de 
formación  a  través  de  la  RM  tiene  lugar  desde  la  forma  1,2‐eneaminol  del  producto  de 
       22 
Amadori  a  intermedios  deoxihexosonas  (Thornalley,  2005).  Una  vía  secundaria  implica  la 
conversión del 2,3‐enediol al  intermedio metil‐α‐dicarbonílico el cual  sufre  transformación a 




















Alimento o bebida  Glioxal   Metilglioxal  Referencia 
Whisky  390 μg/L  1500 μg/L  Nagao y col., 1986 
Brandy (manzana)  330 μg/L  320 μg/L  Nagao y col., 1986 
Vino tinto  970 μg/L  570 μg/L  Nagao y col., 1986 
Vino blanco  360‐1509 μg/L    Barros y col., 1999 
  2,15‐12,72 mg/L  3,38‐11,85 mg/L  Ferreira y col., 2007 
Vino de Oporto  15,30‐28‐63 mg/L  15,67‐25,40 mg/L  Ferreira y col., 2007 
Cerveza  29 μg/L  123 μg/L  Saison y col., 2009 
Café instantáneo   340 μg/L  1600 μg/L  Nagao y col., 1986 
Café   870 μg/L  700 μg/L  Nagao y col., 1986 
Té negro   20 μg/L  50 μg/L  Nagao y col., 1986 
Té verde d  trazas  trazas  Nagao y col., 1986 
Bebidas carbonatadas  20‐1730 μg/L  71‐1395 μg/L  Lo y col., 2008 
Miel  1,7 mg/kg  3,1 mg/kg  Mavric y col., 2008 
Miel de Manuka    651‐1541 mg/kg  Stephens y col., 2010
Pan  300 μg/kg  790 μg/kg  Nagao y col., 1986 
Tostadas  500 μg/kg  2500 μg/kg  Nagao y col., 1986 








RM  se  centraban  en  aspectos  tradicionales  de  la  ciencia  y  tecnología  de  los  alimentos, 
incluyendo  aroma,  color,  textura,  trazabilidad,  vida útil  y  valor nutricional.  Sin  embargo,  en 
respuesta a  la  industria alimentaria  y  a  los  intereses de  los  consumidores, el  impacto de  la 
dieta en la salud ha recibido una mayor atención en los últimos años. Este hecho ha supuesto 
un  cambio de perspectiva en  la  investigación de  la RM para alcanzar nuevos  conocimientos 




Como  se  ha  indicado  anteriormente,  el  aroma  es  una  de  las  principales  consecuencias  del 
desarrollo  de  la  RM.  La  RM  puede  generar más  de  2.500  compuestos  aromáticos  que  se 
relacionan con las características sensoriales de los alimentos procesados térmicamente y que 
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inciden de manera especial en  la aceptación del producto por parte del  consumidor  (Cerny, 
2008). En general,  la  intensidad del aroma y el tipo de compuestos volátiles dependen de  los 
precursores de  reacción, de  los parámetros del procesado  térmico o del pH  (Martins y  col., 
2001; Van Boekel, 2006). Algunos compuestos azufrados volátiles, relacionados con el aroma 






























Los  trabajos  publicados  en  la  primera mitad  del  siglo  XX muestran  que  las  reacciones  de 
pardeamiento pueden tener un efecto adverso sobre la calidad nutricional de las proteínas de 
los alimentos (McCollum y col., 1915; Greaves y col., 1938). Este efecto se debe al bloqueo de 
aminoácidos  esenciales  y  en  consecuencia,  a una  reducción  en  la disponibilidad biológica o 
incluso  a  la  inhibición  que  ejercen  determinados  PRM  sobre  la  actividad  de  las  enzimas 
digestivas.  
 






pudiendo  llegar  hasta  un  50%,  es  la  consecuencia más  significativa  del  progreso  de  la  RM 
(Rerat y col., 2002). Esta consecuencia es importante en los alimentos en los cuales la lisina es 
el aminoácido  limitante  (Meade  y  col., 2005). Por ejemplo, Rufián‐Henares  y  col. estimaron 
desde  un  0,1  hasta  un  36,7%  el  contenido  de  lisina  no  disponible  en  suplementos  para 
deportistas a base de proteínas  lácteas (Rufián‐Henares y col., 2007). Durante el tratamiento 
térmico,  se  produce  también  la oxidación  y  la  destrucción  de  otros  aminoácidos  esenciales 








térmico  generando  diferentes  compuestos,  especialmente  el  furano.  Sin  embargo,  en 





calientan  junto  a  una  mezcla  de  glucosa‐glicina  o  fructosa‐glicina  originan  pigmentos 
(melanoidinas) capaces de formar complejos estables con estos cationes, pudiendo  influir en 






El  tratamiento  térmico produce  cambios estructurales en  las proteínas,  lo  cual provoca una 
menor solubilidad y una menor susceptibilidad a la acción de las enzimas digestivas. Además, 
determinados PRM pueden  inhibir  la actividad de  la carboxipeptidasa A y aminopeptidasa N 
































El  empleo de  altas  temperaturas,  en  combinación  con otros  factores  externos  al  alimento, 
además de reducir su valor biológico puede dar  lugar a  la  formación de compuestos  tóxicos 




efectos  fisiológicos  adversos  en  humanos,  es  decir,  son  sustancias  que  crean  un  riesgo 
potencial o real para  la salud. Entre ellos destacan  los hidrocarburos aromáticos policíclicos, 

































como  por  pirosíntesis.  A  altas  temperaturas,  los  compuestos  orgánicos  se  fragmentan 
fácilmente  (pirólisis)  y  los  radicales  libres  producidos  se  unen  para  formar  compuestos 
aromáticos  polinucleares  estables  (pirosíntesis)  mediante  reacciones  tipo  Diles‐Alder.  A 
temperaturas inferiores a 400 ºC se forman en pequeñas cantidades, pero entre 400 y 1000 ºC, 
los niveles producidos  aumentan  linealmente  con  la  temperatura  (Jägerstad  y  Skog,  2005). 
Entre  los  alimentos  donde  se  han  encontrado mayores  niveles  destacan  la  carne  asada,  el 
pescado  ahumado,  los  quesos  ahumados,  curados  y  semicurados,  el  té  y  el  café.  Los 
hidrocarburos aromáticos policícliclos se han incluido en las listas de contaminantes orgánicos 
prioritarios de  la Agencia de Protección Medioambiental de Estados Unidos  (Environmental 
Protection  Agency,  EPA)  (U.S.  EPA,  2002)  y  de  la  Unión  Europea  (UE)  (Commission 
Recommendation,  2005)  debido  a  su  actividad  carcinogénica.  Además  el  benzo[a]pireno, 







forman  durante  el  procesado  y  elaboración  de  determinados  alimentos  e  ingredientes.  En 
1978 el grupo de  trabajo del profesor Velíšek  fue el primero en demostrar que se  formaban 
mediante  hidrólisis  ácida  de  la  proteína  vegetal  hidrolizada  (Velíšek  y  col.,  1978).  El  3‐
monocloropropano‐1,2‐diol (3‐MCPD) es el cloropropanol de mayor presencia en esta proteína. 
Las proteínas vegetales hidrolizadas  son un  ingrediente muy utilizado en diversos alimentos 
como  las salsas de soja,  las sopas,  las comidas preparadas,  los aperitivos salados o  los fideos 
instantáneos  (Xu  y  col.,  2006).  Los  cloropropanoles  se  han  detectado  también  en  otros 
alimentos  que  no  son  sometidos  a  hidrólisis  ácida  durante  la  fabricación.  Entre  dichos 
productos se encuentran la fruta y las hortalizas elaboradas, los productos a base de cereales y 
de panadería,  las  carnes procesadas, el pescado ahumado y  la  cerveza. También el 3‐MCPD 
puede migrar de ciertos tipos de resinas resistentes a  la humedad a base de epiclorohidrina, 









Los  ésteres  del  3‐MCPD  son  ácidos  grasos  del  3‐MCPD.  Estudios  recientes  describen  la 
presencia de estos compuestos en varios productos alimenticios, principalmente en aceites de 
oliva  refinados  y  productos  elaborados  con  estos  aceites.  Actualmente,  no  se  dispone  de 
suficiente  información  sobre  su presencia en  los alimentos ni  sobre  su  toxicidad para poder 
evaluar  su  importancia  sobre  la  salud.  Sin  embargo,  hay  que  tener  en  cuenta  que  los 
cloroésteres representan una nueva fuente de 3‐MCPD en  los alimentos, puesto que de ellos 


















El  primero,  las  carbolinas,  se  forma  a  elevadas  temperaturas  y  se  conocen  como  aminas 




El  segundo  grupo  son  los  aminoimidazoazarenos,  llamados  también  aminas  térmicas,  los 
cuales  han  recibido  una  mayor  antención  por  ser  extremadamente  mutagénicos  en 
comparación con el primer grupo. Se forman en alimentos ricos en proteínas como la carne o 





tipos  de  carne,  en  general,  los  valores más  elevados  corresponden  a  alimentos  tratados  a 
temperaturas elevadas y con un  tiempo de cocción prolongado. Generalmente,  los  tipos de 
cocción (hervido o al vapor) que implican temperaturas alrededor de los 100 ºC generan pocos 
agentes mutagénicos. Sin embargo, los tratamientos térmicos que suponen un calentamiento 











contribuye  a  las  propiedades  sensoriales  del  producto.  Se  han  propuesto  múltiples 
mecanismos para su formación durante el tratamiento térmico, incluyendo la degradación de 
los  derivados  del  ácido  ascórbico,  degradación  de  carbohidratos,  degradación  térmica  de 
aminoácidos  en presencia o  ausencia de  azúcares  reductores,  y oxidación de  ácidos  grasos 
poliinsaturados, carotenoides y ácidos orgánicos  (Becalski y Seaman, 2005). Según el último 













años  convirtiéndose  en  una  cuestión  fundamental  para  el mantenimiento  de  la  seguridad 
alimentaria a nivel mundial. Esto ha hecho que se descubran nuevos riesgos como es el caso 






































El  tratamiento  térmico así como el almacenamiento de  los alimentos producen una serie de 
reacciones que conducen a compuestos que pueden afectar en la salud. A pesar de ser el HMF 






















glicina,  N‐(5‐hidroximetil‐2‐furoil)‐glicina  (HMFG).  El  HMFA  y  el  HMFG  son  los  principales 
metabolitos del HMF  excretados  en  la orina.  Tanto  en  ratas  como  en humanos,  la  relación 
HMFA/HMFG  disminuye  a medida  que  aumenta  la  ingesta  de  HMF,  lo  que  sugiere  que  la 
disponibilidad  de  glicina  libre  puede  limitar  la  tasa  de  conjugación,  y  como  resultado  se 
produce  la  excreción  de  ácido  furoico  libre  (FA)  o  de  ácido  2,5  furandicarboxílico  (FDCA)  a 
través de una segunda ruta. Los ácidos HMFA, HMFG, y FDCA se han identificado en la orina de 
roedores y en  la de  los humanos, demostrando que estos ácidos  se derivan del HMF de  los 
alimentos. El HMF es biotransformado a SMF por sulfonación de su grupo funcional hidroxilo 










experimentos  realizados  en  animales  de  laboratorio.  Sin  embargo,  cuando  los  estudios  se 
extrapolan  a  los  humanos,  los  resultados  no  son  del  todo  concluyentes,  siendo  objeto  de 
estudio  en  la  actualidad.  El  SMF  induce  efectos  genotóxicos  y mutagénicos  en  bacterias  y 
líneas  celulares  de mamíferos  (Surh  y  col.,  1994;  Glatt  y  col.,  2006).  La  interacción  de  este 
intermedio  reactivo  con nucleófilos  celulares  (ADN, ARN y proteínas) puede provocar daños 
estructurales en estas macromoléculas. En roedores, el HMF se ha identificado como iniciador 










































































HMF  aumentaba  la  incidencia de  adenomas hepatocelulares  en  ratones hembra de  la  línea 
B6C3F1. Sin embargo, no se ha encontrado evidencia científica de carcinogenicidad en ratas de 
la  línea F344/N  (NTP, 2008). Más  tarde, el HMF ha demostrado ser un carcinógeno débil en 











En  el  año  2005,  el  comité  científico  de  la  EFSA  estimó  una  ingesta  diaria  de  HMF  de  1,6 
mg/persona  (EFSA,  2005a).  Este  valor  es  muy  superior  al  valor  de  0,54  mg/persona/día 
calculado  a  partir  de  una  amplia  base  de  datos  sobre  estudios  crónicos  y  subcrónicos 




metabolización  in  vivo  a  SMF.  Además,  las  SULT  se manifiestan más  extensamente  en  los 
tejidos extrahepáticos de  los humanos que en el de  los  roedores siendo su actividad mayor. 
Esto sugiere que  los riesgos asociados a  la exposición del HMF podrían ser aún mayores para 
los  humanos  que  los  descritos  para  los  roedores  (Monien  y  col.,  2009),  aumentando  las 





se  calientan  en  presencia  de  aminoácidos  o  proteínas.  Una  ruta  alternativa  consiste  en  la 








el  respectivo  azúcar  y  aminoácido.  Si  el medio  de  reacción  y  las  condiciones  térmicas  son 
apropiados, el compuesto de Amadori se degradará hacia los PRM. A pH neutro o ligeramente 
ácido, el producto de Amadori forma el 1,2‐eneaminol, el cual pierde un grupo hidroxilo en el 

















































































































RM aunque, de manera  similar,  también  se  forma el  intermedio 3‐desoxiosona.  La  Figura 6 
muestra  la  formación de HMF por deshidratación de  los azúcares durante el  calentamiento. 
Durante  la  caramelización,  los  azúcares  reductores  a  través  de  la  enolización‐1,2  sufren 
reacciones de deshidratación  y  ciclación para  formar  finalmente el HMF.  En  condiciones de 
baja  humedad,  se  ha  propuesto  una  vía  alternativa  de  formación  de  HMF  a  partir  de  la 
degradación  de  sacarosa  en  fructosa,  que  conlleva  la  formación  del  catión  reactivo 
fructofuranosil, el cual puede convertirse directamente a HMF (Perez‐Locas y Yaylayan, 2008a). 
Los autores concluyeron que a temperaturas elevadas, la cantidad de HMF formado a partir de 





sacarosa  es mayor  que  a  partir  de  fructosa  o  glucosa.  Esto  es  debido  a  que  este  catión 




Uno de  los aspectos más estudiados ha  sido el  tratamiento de  la muestra, y en  concreto  la 
extracción del HMF de  la matriz  del  alimento.  En  el  caso de matrices  sencillas,  como miel, 
bebidas  alcohólicas  y  zumos  de  frutas,  se  realiza  una  extracción  acuosa  seguida  de  una 
filtración. Sin embargo, para el café se recomienda el uso de técnicas más selectivas como  la 




durante  25 min  para  realizar  el  cálculo  del  denominado  HMF  total.  En  otros  casos,  se  ha 












































































































En  la  actualidad,  la  cromatrografía  líquida  de  fase  inversa  es  la  técnica más  utilizada  para 
analizar de forma precisa y fiable la presencia de compuestos furánicos en alimentos como los 
zumos de manzana y concentrados, brandys y otras bebidas alcohólicas, café, leche, fórmulas 





La  elución del HMF normalmente  se  lleva  a  cabo  empleando una  separación  isocrática  con 




mejorar  tanto  la  selectividad  como  la  sensibilidad  del método  en matrices  como  zumo  de 
frutas y cerveza, debido a  la alta especificidad que presenta  la  reacción entre  la DNPH y  los 
compuestos carbonílicos. Yuan y col. (Yuan y col., 1998) aplicaron  la cromatografía  líquida de 
intercambio  iónico  con detector  fotodiodo  array para  la  separación del HMF,  2,5‐dimetil‐4‐
hidroxi‐3(2H)‐furanona  (DMHF),  ácido  furoico,  furfural,  2‐acetilfurano  y  furfuril  alcohol  en 
zumos de frutas. Posteriormente, Gökmen y col. han utilizado LC‐MS con ionización química a 
presión atmosférica  (APCI) en alimentos  infantiles  (Gökmen y col., 2006a). Finalmente, cabe 
comentar que, aunque en menor medida, también se han empleado técnicas de cromatografía 






hidratos de  carbono, y en algunos  casos puede exceder el valor de 1 g/kg,  como ocurre en 
frutos secos y productos a base de caramelo. El HMF está ampliamente reconocido como un 
índice  válido  para  estimar  el  deterioro  generado  en  el  alimento  como  resultado  de  un 
calentamiento excesivo o durante condiciones  inadecuadas de almacenamiento. De  la misma 




































































































para  la  población  española  de  2,1 mg,  9,7 mg  y  23,0 mg,  valor mínimo, medio  y máximo, 
respectivamente,  de  HMF  en  los  alimentos  (Rufián‐Henares  y  de  la  Cueva,  2008).  Estos 
resultados están de acuerdo  con  los publicados en el año 2007 por Delgado‐Andrade y  col. 
(Delgado‐Andrade  y  col.,  2007b),  quienes  calcularon  una  ingesta  diaria  de  5,1 mg  para  los 
adolescentes españoles, pero por debajo de aquellos expuestos por otros autores (Ulbricht y 
col.,  1984).  La  diferencia  podría  explicarse  a  que  en  la  investigación  realizada  en  1984  por 
Ulbricht  se  emplearon métodos  espectrofotométricos  poco  precisos  habiéndose  producido 













energías  de  activación  en  sistemas  modelo  que  simulan  procesos  en  diferentes  matrices 



























Los azúcares  (hexosas) y  los aminoácidos son  los principales precursores de  la  formación de 
HMF.  Los  alimentos  ricos  en  hidratos  de  carbono  son,  por  tanto,  los  productos  donde  se 
encontrarán  los mayores niveles de HMF. Limitando el contenido de azúcares  reductores  se 
reducirá a su vez su formación. Sin embargo, cuando se sustituye, por ejemplo, en las galletas 
la glucosa o fructosa por sacarosa, se produce paradójicamente un aumento en los niveles de 




El  uso  de  ingredientes  con  un  elevado  contenido  de  HMF  como  jarabe  de  azúcar  o miel, 
incrementarían  las  concentraciones  en  el  producto  final.  Sin  embargo,  estos  ingredientes 
reforzarían  la  aceptabilidad  del  consumidor,  de  ahí  la  necesidad  de  alcanzar  un  equilibrio 
riesgo/beneficio. En ciertos casos es posible variar algunos componentes antes del tratamiento 
térmico, como por ejemplo la composición de la masa durante el procesado de los cereales y 




La  RM  y  la  carmelización  se  ven  favorecidas  en  gran  medida  por  la  relación 
temperatura/tiempo  y  las  condiciones  del medio  de  reacción  (contenido  de  agua,  acidez, 
cationes divalentes). De esta manera, disminuyendo la temperatura durante el procesamiento 











En  condiciones  extremas  de  procesado  se  ha  observado  un  descenso  del  HMF  en  galletas 
debido a  la degradación de éste a productos secundarios,  la mayor parte volátiles  (Ameur y 



































La  acrilamida  se  ha  utilizado  en  la  industria  desde  1950.  Puede  polimerizarse  fácilmente  y 
formar poliacrilamidas cuyas principales aplicaciones destacan en  la  industria del papel, en el 
tratamiento  de  aguas  residuales,  como  acondicionadores  del  suelo,  y  como  agentes 
cementantes en la construcción de cimientos de presas, túneles y colectores. Este último uso 
fue el que  llevó a  su descubrimiento en  los alimentos. Durante  la  construcción de un  túnel 
ferroviario bajo un  lago en el año 1997 en Suecia,  se utilizó como agente  sellante una gran 
cantidad de precursores del polímero de acrilamida,  filtrándose por accidente parte al agua, 






en  el  ganado  y  en  los  peces  del  entorno.  Tras  nuevas  investigaciones,  se  descubrieron 





cantidades  inesperadas  de  aductos  en  personas  que  vivían  fuera  de  la  zona  contaminada 
(Tareke y col., 2002). El hallazgo en animales y ganados expuestos a la fuga de concentraciones 
de  aductos  inferiores  a  las  de  las  personas  no  relacionadas  con  el  accidente,  hizo  que  se 
considerara  la posibilidad de que  la exposición en  los humanos proviniera de otra fuente:  los 
alimentos cocinados. Para ello, se llevaron a cabo una serie de investigaciones en animales de 
experimentación alimentados durante semanas con alimentos fritos, lo que permitió observar 
que  aquéllos que  consumieron una dieta  rica  en  fritos presentaban mayores niveles de  los 
aductos hemoglobina‐acrilamida  (Tareke y col., 2000). No  fue hasta abril de 2002, cuando  la 
Administración Nacional  de Alimentos  de  Suecia  anunció  concentraciones  de  acrilamida  en 
una amplia variedad de alimentos fritos y horneados  (SNFA, 2002). Este anuncio fue seguido 
rápidamente  por  otras  publicaciones,  informando  de  concentraciones  hasta  del  orden  de 
partes por millón en alimentos ricos en hidratos de carbono tratados a altas temperaturas (U.S. 





El descubrimiento de  la acrilamida en  los alimentos provocó un debate público debido a  la 





A partir de estudios  toxicocinéticos  llevados a  cabo  con acrilamida marcada  isotópicamente 
(13C y 14C) se ha demostrado que su absorción puede ocurrir a través de diferentes rutas como 
la exposición oral, dérmica o por inhalación. Debido a su polaridad, solubilidad en agua y a su 



















La  glicidamida  también  puede  ser  hidrolizada  a  través  de  la  hidrolasa  epóxido  (EH)  a  2,3‐
dihidroxipropionamida o gliceramida (Sumner y col., 2003). Los conjugados de  la acrilamida y 
la  glicidamida  con  el  glutatión  se  convierten  en  conjugados del  ácido mercaptúrico  (AAMA, 
AAMA‐sulfóxido, GAMA,  iso‐GAMA)  los cuales  son excretados posteriormente a  través de  la 
orina.  La  participación  del  CYP2E1  en  la  conversión  de  la  acrilamida  a  glicidamida  se  ha 
demostrado en humanos, tanto en estudios  in vivo como  in vitro (Doroshyenko y col., 2009). 
Ambas  son  sustancias  electrófilas  con  una  fuerte  afinidad  por  sitios  nucleofílicos.  En  este 
sentido, se ha comprobado la formación de aductos tanto con el grupo α‐amino del residuo N‐
terminal de la valina como con el grupo tiol de la cisteína de la hemoglobina (Törnqvist y col., 























Los  estudios  sobre  neurotoxicidad  en  humanos  se  refieren  a  la  exposición  ocupacional  de 
trabajadores a través de la absorción por vía cutánea o por inhalación. Afecta tanto al sistema 
nervioso central y periférico como a las terminaciones nerviosas, produciendo la inhibición de 
la  liberación  de  neurotransmisores  y  la  degeneración  del  nervio  terminal  (LoPachin  y  col., 
2008).  Recientemente,  se  ha  sintetizado  un  derivado  de  la melatonina  que  ha  demostrado 









acrilamida  como  sustancia  probablemente  carcinogénica  en  humanos.  Varios  estudios 






La  oxidación  de  la  acrilamida  a  glicidamida  es  un  requisito  previo  para  estimar  su 
genotoxicidad debido a que esta última presenta mayor reactividad para formar aductos con el 
ADN  (Rice,  2005;  Tareke  y  col.,  2006).  Aunque  la  acrilamida  y  la  glicidamida  reaccionan 
directamente  con  la  hemoglobina,  sólo  la  glicidamida  lo  hace  extensamente  con  el  ADN, 
formando  el  aducto  N7‐GA‐Gua  (N7‐(2‐carbamoil‐2‐hidroxietil)guanina)  y  en  menor 
proporción el aducto N3‐GA‐Ade (N3‐(2‐carbamoil‐2‐hidroxiethil)adenina) (Figura 7) (Dybing y 
col., 2005; Doerge y col., 2005). Por todo ello, la glicidamida ha demostrado ser mutagénica y 
genotóxica  in  vitro  e  in  vivo.  Sin  embargo,  en  un  estudio  realizado  en  bacterias  y  líneas 
celulares de mamíferos se ha demostrado que la acrilamida no es genotóxica in vitro ya que no 
se activó metabólicamente a glicidamida (Koyama y col., 2011). Por otra parte, la extrapolación 
de  estos  resultados  a  los  humanos  no  es  tan  evidente,  entre  otras  cosas  por  los  elevados 
niveles  de  exposición  utilizados  en  los  estudios  llevados  a  cabo  con  animales  y  células  en 




de ambigüedad a  la pregunta de si  la exposición dietética a  la acrilamida puede aumentar el 
riesgo  de  cáncer  en  los  humanos.  Algunos  resultados  coinciden  en  señalar  que  no  hay 
asociación entre la ingesta total de acrilamida en la dieta y el riesgo de contraer algunos tipos 
de cáncer (revisión de Mucci y col., 2009), mientras que para tipos de cáncer como el renal, de 
esófago, de ovario o de mama,  los  resultados epidemiológicos son contradictorios  (Wilson y 










acrilamida  como  carcinógeno  de  categoría  1B‐H350  y  mutágeno  de  categoría  1B‐340  en 













Otra  de  las  técnicas  generalmente  empleadas  para  caracterizar  el  riesgo  para  los  seres 
humanos es la extrapolación de la relación dosis‐respuesta. Los datos obtenidos con animales 
deben extrapolarse  a dosis muy  inferiores  a  las estudiadas para poder  compararlos  con  los 
niveles de exposición en humanos. En consecuencia, podría estimarse el número de cánceres 
adicionales causados por exposición debido a la acrilamida (O'Brien y col., 2006). La estimación 
del  potencial  carcinógeno  varía  según  los  modelos  matemáticos  utilizados  para  la 
extrapolación. Comúnmente, en los métodos de extrapolación lineal a dosis bajas no se tienen 




están muy por  encima de  la  exposición dietética  para  los humanos.  Por  tanto,  el  grado de 
conversión  de  acrilamida  a  glicidamida,  así  como  mecanismos  de  reparación  de  ADN  y 
apoptosis, pueden ser muy diferentes a dosis bajas (FAO/WHO, 2005). En una revisón reciente 
se ha discutido  la evidencia sobre  la carcinogenicidad de  la  ingesta dietética de acrilamida a 
partir de estudios epidemiológicos y en ensayos  realizados  con  roedores  (Hogervorst y  col., 
2010). Los resultados demuestran que algunos tipos de cáncer se encontraron tanto en ratas 
como  en  humanos  mientras  que  otros  exclusivamente  en  humanos,  indicando  que  la 





de  utilidad  en  el  establecimiento  de  prioridades  para  la  implementación  de medidas  que 
protejan  la  salud  pública.  Se  le  considera  como  la  aproximación  más  apropiada  para 
compuestos genotóxicos y cancerígenos como es el caso de la acrilamida. Cuanto menor sea el 




y 75 para  los  consumidores de  riesgo  (4  μg/kg peso/día). Es de destacar que el MOE de  la 
acrilamida está muy por debajo del calculado para el caso de otros contaminates de procesado 
como son los hidrocarburos aromáticos policíclicos (25.000 para los consumidores medio) y la 
amina heterocíclica PhIP  (260.000 para el consumidor medio). Por  tanto,  la  ingesta diaria de 





Desde  mediados  de  1950,  se  produce  acrilamida  a  partir  de  acrilonitrilo  en  las  plantas 
industriales.  Básicamente,  la  acrilamida  es  polimerizada  para  formar  poliacrilamida  cuyo 
principal uso es el tratamiento de aguas residuales y de consumo, con la finalidad de eliminar 
partículas sólidas y otras impurezas. El propio polímero no es tóxico, pero puede existir algún 
residuo  del monómero  que  justifica  su  estricto  control.  La  acrilamida  también  se  utiliza  en 
materiales  de  construcción  y  en  la  fabricación  de  pegamentos,  papel,  en  agentes 
acondicionadores del  suelo  y en el procesado de minerales.  También puede utilizarse en  la 
producción  de  plásticos,  textiles  y  pintura.  Los  utensilios  domésticos,  los  materiales  de 
construcción  así  como  ciertas  partes  de  los  automóviles  están  revestidos  con  resinas  de 
acrilamida. Algunos cosméticos contienen también acrilamida monomérica residual debido al 
hecho que la poliacrilamida se utiliza por ejemplo en los champús como agente espumante, y 




como  en  el  tracto  gastrointestinal.  La  exposición  humana  a  acrilamida  es  principalmente 
ocupacional  en  el  caso  del  contacto  dérmico  con  el monómero  sólido,  y  por  inhalación  de 
































contribuyen  a  la  ingesta. Más  que  para  estudios  de  ingesta media,  es  especialmente  útil 
cuando se trata de estudiar  la  ingesta de contaminantes muy concretos en grupos especiales 
de  población. No  obstante,  puede  ser  utilizado  para  correlacionar  los  valores  dietéticos  de 
acrilamida  con  los biomarcadores a  corto plazo,  como  son  los metabolitos en  la orina o  los 
aductos de ADN (Konings y col., 2007). 
 

















los Alimentos y Nutrición Aplicada  (JIFSAN)  junto con el Comité Mixto FAO/OMS de Expertos 
en Aditivos Alimentarios (JECFA) (JIFSAN/JECFA). Para Europa los valores de acrilamida fueron 
reunidos por el Instituto de Referencia de Materiales y Medidas (IRMM) en colaboración con la 
Dirección General de  Salud  y Consumidores de  la  Comisión  Europea  (DG  SANCO)  y  la CIAA 
(JRC‐IRMM, 2006). Desde 2003 hasta  junio de 2006 se  incorporaron alrededor de 8600 datos 
procedentes  de  nueve  países miembros  de  la  UE  y  de  industrias  alimentarias.  A  partir  de 
entonces,  se ha estado  realizando un  seguimiento anual de  los niveles de acrilamida en  los 
alimentos  para  los  años  2007,  2008  y  2009,  de  conformidad  con  un  plan  de  muestreo 
organizado por la EFSA para los Estados miembros. El 20 de abril de 2011 se publicó el informe 
científico  de  la  EFSA,  en  el  cual  estaban  recogidos  los  10.366  resultados  de  acrilamida  en 
diferentes alimentos enviados por 23 Estados miembros y Noruega durante ese periodo (EFSA, 
2011).  De  la  misma  manera,  el  proyecto  HEATOX  (Heat‐Generated  Food  Toxicants, 
Identification,  Characterisation  and  Risk  Minimisation),  del  cual  se  hablará  posteriormente, 
estudió  la evaluación de  la exposición y  la toxicología para  llegar a una caracterización de  los 
riesgos de la ingesta de acrilamida (HEATOX, 2007). Por otra parte, los datos sobre composición 
de la dieta pueden ser recogidos a través de encuestas de consumo de alimentos realizadas a 
un  consumidor  individual o  a nivel de hogares.  Se pueden  estimar  también  a  través de  las 
estadísticas de compra de los alimentos.  
 
Sin  embargo,  estos  métodos  descritos  presentan  también  desventajas;  las  estadísticas  de 
compra  de  alimentos  sólo  proporcionan  datos  sobre  las  cantidades  de  alimentos  que  se 




consumidores  lo  que  comen  con  precisión,  del mismo modo,  no  siempre  se  quiere  decir 
exactamente qué cantidad se ingirió de un determinado alimento con connotaciones negativas. 
 






Sin  embargo,  la mayoría  de  los  estudios  realizados  hasta  la  fecha  se  basan  en  el método 
indirecto.  
 
El  JECFA  estimó  una  ingesta  diaria  de  acrilamida  comprendida  entre  0,3  y  2,0  μg/kg  peso 
corporal  para  la  población  general  y  hasta  5,1  μg/kg  peso  corporal  para  los  grandes 
consumidores  (percentil 99). Los alimentos que más contribuyen a  la exposición total fueron 
las patatas fritas (french fries) (16‐30%), las patatas fritas de aperitivo (crisps) (6‐46%), el café 
(13‐39%),  las  galletas  (10‐20%),  el pan  y  los productos de bollería  (10‐30%).  El  resto de  los 





El  informe  de  la  EFSA  del  2011  incluye  una  evaluación  de  la  estimación  de  exposición  a  la 
acrilamida en Europa para diferentes grupos de edad. La  ingesta media (límite superior) para 
las  personas  mayores  de  18  años  se  estima  que  oscila  entre  0,31  y  1,07  μg/kg  peso 
corporal/día y para el percentil 95 entre 0,58 y 2,26 μg/kg de peso corporal/día (Tabla 10). Las 































Por otro  lado, existen  también métodos alternativos de estimación de  ingesta,  los cuales  se 
basan  generalmente  en  los  niveles  internos  de  biomarcadores  de  exposición,  incluidos  los 







































































































Letonia  Adultos  0,42‐0,45  1,09‐1,15  Encuesta recordatorio 24 h 
Holanda  Adultos  0,50‐0,53  1,25‐1,30  Registro de consumo 
Suecia  Adultos  0,47‐0,51  0,93‐0,98  Registro de consumo 
 
Tabla  10.  Exposición media  a  acrilamida  y percentil  95  (límite  inferior  y  superior)  en diferentes 
grupos de edad en cada Estado miembro. Adulto (18‐64 años), mayores (65‐74 años) y ancianos (≥ 
75 años) (EFSA, 2011). 1 24 h dietary recall, 2 dietary record. 
   
  
































































































































































































































































































Letonia  Adultos  9,8  41,1  5,6  1,5  0,7  20,7  4,9  1,4  6,4  1,5  0,6 
Holanda  Adultos  10,4  38,6  13,4  1,8  3,7  18,3  0,3  0,1  8,9  0,5  2,2 



































establezca  límites  máximos  en  alimentos  de  manera  concluyente.  En  cambio,  diversas 
organizaciones  gubernamentales/autoridades,  asociaciones  empresariales  y  grupos  de 






































Europea  y  las  autoridades  nacionales  de  los  Estados  miembros  de  la  UE,  desarrolló  en 
septiembre de 2006 una guía que resume  las medidas disponibles para reducir  los niveles de 






































Con  objeto  de  ayudar  a  las  industrias  alimentarias  en  la  apliación  de  esta  “caja  de 
herramientas”,  se  ha  desarrollado  una  serie  de  folletos  informativos  que  proporcionan 
recomendaciones eficaces para evitar  la formación de acrilamida, así como pautas necesarias 
para  ponerlas  en  práctica.  En  junio  de  2012,  FoodDrinkEurope  (anteriormente  CIAA)  ha 
publicado estos  folletos revisados en  los cuales se ha  incluido  información sobre el principio 
"ALARA"  con  respecto  a  los  niveles  de  este  contaminante  en  los  alimentos,  una  estructura 





El  proyeto  HEATOX  desarrollado  entre  el  2003  y  el  2007,  fue  financiado  por  la  Comisión 
Europea,  con el objetivo de  investigar  los  riesgos para  la  salud que  suponen  la acrilamida y 
otros  compuestos que  se  forman  con el  tratamiento  térmico de  los alimentos,  como  son el 
HMF y  los  furanos. El  informe  final  incluyó una  serie de  recomendaciones para minimizar  la 
formación  de  acrilamida  en  diferentes  alimentos  que  fueron  publicadas  en  el  documento 























2009 presentó un Código de Prácticas  (CAC/RCP 67‐2009)  con  la  finalidad de orientar  a  las 
autoridades de  los países y a  los  fabricantes, así como a otros organismos pertinentes, para 
prevenir y reducir la formación de acrilamida en productos a base de patata y de cereales. Para 
llevar  a  cabo  dicho  cometido,  es  necesario  que  no  se  produzca  incremento  de  otros 




En  junio de 2002,  la OMS organizó una reunión conjunta FAO/OMS, en  la cual se recomendó 
que se estableciera una red  informática  internacional sobre acrilamida en  los alimentos y se 
invitara  a  todas  las  partes  interesadas  a  compartir  los  datos  pertinentes,  así  como  las 
investigaciones  en  curso.  Como  consecuencia  de  ello,  se  creó  una  red  informática  sobre 
acrilamida en  los alimentos (Acrylamide Infonet, 2002). Posteriormente, a solicitud del Codex 





Proyecto de Plan de Acción para hacer  frente  al  tema de  la  acrilamida  en  los  alimentos,  la 
última versión  salió publicada en el año 2004. Actualmente,  la FDA  continúa estudiando  los 
efectos sobre  la salud de  la acrilamida en  los alimentos y no ha  impuesto acción regulatoria 
alguna. Tampoco ha recomendado dejar de comer productos que contengan acrilamida, sino 
que por el momento el mejor consejo es simplemente seguir una dieta saludable, escogiendo 






ciudadanos  de  las  exposiciones  significativas  a  los  compuestos  que  potencialmente  pueden 
causar  cáncer  o  daño  reproductivo.  Los  negocios  pueden  reformular  sus  productos  hacia 
exposiciones menores que se encuentren por debajo de los niveles estimados por el Estado, o 




Con respecto a  la acrilamida, desde 1990 California ya  incluía esta sustancia en  la  lista de  los 
carcinógenos enumerados en la Propuesta 65, es decir, 12 años antes de que se descubriera su 








El Gobierno de Canadá  incluyó  la  acrilamida en  su Plan de Gestión de Productos Químicos. 
Dicho plan toma medidas inmediatas para regular  las sustancias que son perjudiciales para  la 
salud o el medio ambiente. El 21 de febrero de 2009, el Gobierno de Canadá dio a conocer su 
informe  de  evaluación.  Para  garantizar  que  la  exposición  a  la  acrilamida  a  través  de  las 
diferentes  fuentes  de  alimentos  sea  lo  más  baja  posible,  Canadá  se  ha  comprometido  a 
trabajar con las autoridades sanitarias de otros países para comprender mejor cómo se forma, 
los alimentos que contienen  las cantidades más altas, y el  impacto que tiene en  la salud. Por 
otro lado, ha preparado una serie de recomendaciones con el fin de minimizar la formación de 
acrilamida en  los alimentos preparados en  los hogares. Algunos ejemplos son: no almacenar 
las patatas por debajo de 8  ºC,  lavar o remojar  las patatas  frescas cortadas en agua durante 










Como  se muestra en  la  Figura 10, el primer paso de  la RM  conlleva  la  condensación de un 
aminoácido  (por  ejemplo,  asparagina)  con  el  grupo  carbonilo  de  un  azúcar  reductor  para 
formar un conjugado N‐glicosil  (por ejemplo, N‐glicosilasparagina) que está en equilibrio con 
su  base  de  Schiff.  La  N‐glicosilasparagina  genera  grandes  cantidades  de  acrilamida,  lo  que 




















































































+ H2O + H2O
IV



















La descomposición  térmica de  la asparagina en ausencia de una  fuente de grupos carbonilo 
puede  generar  acrilamida  por  descarboxilación  y  desaminación,  aunque  la  presencia  de 






Varios  estudios  proporcionaron más  evidencias  sobre  estas  posibles  rutas  de  formación.  La 
base de Schiff puede decarboxilar al  intermedio  iluro de azometina  (II) a  través de  la  forma 
zwitteriónica (IIa) (Zyzak y col., 2003), o a través del intermedio oxazolidina‐5‐ona por ciclación 
intramolecular  (IIb)  (Yaylayan  y  col.,  2003).  El  iluro  de  azometina  puede  sufrir  fácilamente 
prototropía 1,2 conduciendo a las iminas 1 y 2 y como esta prototropía es irreversible, las dos 
aminas no  son  interconvertibles. La  imina 1 puede hidrolizarse  (IIIa) y  formar el aminoácido 
descarboxilado  3‐aminopropionamida  (Stadler  y  col.,  2004).  Granvogl  y  Schieberle  han 
demostrado que se forma acrilamida a partir de 3‐aminopropionamida mediante eliminación 
del  amoníaco  (Granvogl  y  Schieberle,  2006).  Por  otro  lado,  la  tautomerización  del  iluro  de 
azometina  (IV)  conduce  al  producto  de  Amadori  descarboxilado,  seguido  de  la  rotura  del 
enlace carbono‐nitrógeno como consecuencia de una β‐eliminación y formación posterior de 
acrilamida  (Stadler  y  col.,  2004).  La  imina  2  por  hidrólisis  (IIIb)  proporciona  el  aldehído  de 




acrilamida,  también  los  α‐dicarbonílicos o  cualquier otro  compuesto  carbonílico  (Mottram  y 
col., 2002; Zyzak y col., 2003; Schieberle y col., 2005; Amrein y col., 2006a). La naturaleza del 
compuesto  carbonílico  es  importante  para  determinar  el  grado  en  que  se  producen  las 
diferentes  vías  de  formación  y  por  tanto,  el  rendimiento.  En  sistemas  modelo  se  ha 
demostrado  que  los  compuestos  α‐hidroxicarbonílicos  (como  la  fructosa  o  la  glucosa)  son 
mucho más eficientes en convertir asparagina a acrilamida que  los α‐dicarbonílicos  (como  la 
butanodiona o el glioxal). Esto puede explicarse porque la presencia de un grupo hidroxilo en 
posición β al átomo de nitrógeno de la base de Schiff favorece la reorganización de la imina 1 
(tautomerización)  al  producto  de  Amadori  descarboxilado  (IV).  Para  los  compuestos  α‐
dicarbonílicos, la vía IIIb está mucho más favorecida que la IIIa, debido a la tendencia del grupo 




(Amrein  y  col.,  2006a). Otro  estudio ha  confirmado que  el  glioxal  también  es muy  reactivo 
frente a la asparagina para producir acrilamida (Koutsidis y col., 2008). Más recientemente se 






Los  investigadores  observaron  que  el  sistema modelo  glucosa‐HMF  genera  acrilamida más 
eficientemente que  los  sistemas glucosa‐asparagina  (Glu‐Asn),  sugiriendo que el HMF es un 








veces  mayor  que  el  correspondiente  producto  de  Amadori  descarboxilado  o  la  3‐
aminopropionamida. Sin embargo, en condiciones de humedad, es de 2 veces en  relación al 













Como  se  ha  comentado  anteriormente,  el  principal  mecanismo  para  la  formación  de 
acrilamida en los alimentos es la reacción de asparagina y azúcares reductores mediante la RM. 




La  acroleína  es  un  aldehído  α,β‐insaturado  que  puede  ser  producido  a  partir  de  los  lípidos 

















La  3‐aminopropionamida  puede  ser  un  intermediario  en  la  RM  entre  la  asparagina  y  los 
azúcares reductores (Figura 10), como se comentará en el Artículo 3.1 del Capítulo 3, o puede 
formarse  también  a  partir  de  la  descarboxilación  enzimática  de  la  asparagina, mediante  la 






Diferentes estudios han demostrado que  los  lípidos oxidados  compiten muy eficientemente 
con los hidratos de carbono por las reacciones carbonil‐amina, y que los mismos productos se 
producen generalmente  tanto a partir de carbohidratos como a partir de  lípidos a  través de 
reacciones  idénticas o muy  similares  (Zamora e Hidalgo, 2005). Una amplia gama de  lípidos 
oxidados  son  capaces  de  degradar  los  aminoácidos  a  sus  correspondientes  aldehídos  de 




asparagina  (Hidalgo  y  col.,  2010a)  y  la  posterior  desaminación  de  la  3‐aminopropionamida 
(Zamora y col., 2009). 

















Debido  a  la  alta  solubilidad de  la  acrilamida  en  agua,  se utiliza  este medio para  realizar  su 
extracción de  los alimentos. De manera general,  la extracción se  lleva a cabo a  temperatura 
ambiente aunque  también se ha  realizado a 60‐80  ºC en el caso de matrices grasas como el 
chocolate,  con  el  fin  de  promover  la  dispersión  y  una  extracción  efectiva.  No  obstante, 
temperaturas elevadas no  suponen una mejora en  los  rendimientos de extracción e  incluso 





durante  las etapas de extracción y purificación, es habitual  incorporar un patrón  interno a  la 
muestra. La mayoría de  los trabajos publicados emplean [13C3]‐acrilamida aunque también se 






evitar  la  influencia de  las grasas en el análisis,  fundamentalmente en matrices como patatas 
fritas, chocolate, café, etc. Ésta se lleva a cabo con disolventes orgánicos como hexano, éter de 





SPE. Una  alternativa  interesante  puede  ser  el  empleo  de  un  único  cartucho  de  extracción, 









En  primer  lugar,  los  disolventes  polares,  preferentemente  agua,  que  se  requieren  para 
efectuar  una  buena  extracción  de  los  alimentos  no  están  bien  adaptados  para  la 





El  análisis  de  acrilamida  puede  llevarse  a  cabo  de  forma  directa  sin  derivatización  de  la 
molécula o mediante bromación.  
 
Los métodos mediante  derivatización  se  remontan  a  la década de  1990  (Castle,  1993)  y  se 








etilo  el  cual  puede  ser  inyectado  directamente  mediante  GC‐MS  o  bien  ser  purificado  o 






+.  Algunos  investigadores  optan  por  convertir  el  dibromo  derivado  a  2‐





bromopropenamida  por  tratamiento  con  trietilamina.  Este  paso  adicional  evita  el  riesgo de 
una  deshidrobromación  en  el  inyector  o  en  la  fuente  de  iones  del  MS  sin  disminuir  la 
selectividad o  la  sensibilidad del método. En cuanto a  la  separación,  se  realiza en columnas 




No  obstante,  se  han  desarrollado  métodos  analíticos  para  su  análisis  de  forma  directa 
(Biedermann  y  col.,  2002a).  En  gran  parte  debido  a  que  ofrecen  un mayor  rendimiento  de 
muestra, evitando el tiempo consumido en  la etapa de bromación, además de reducir el uso 
de  productos  corrosivos  y  peligrosos.  El  proceso  consiste  en  la  extracción  del  analito  con 
disolventes  orgánicos  seguido  de  una  limpieza  de  la muestra mediante  extracción  líquido‐
líquido con o sin el uso de un absorbente. Las columnas para la separación cromatográficas y la 
detección  mediante  monitorización  de  iones  seleccionados  (SIM)  son  polares  del  tipo 




El  primer  método  de  LC‐MS  para  el  análisis  de  acrilamida  en  alimentos  se  desarrolló  a 
principios  del  2002  por  Rosén  y  Hellenäs  (Rosén  y  col.,  2002)  para  verificar  los  resultados 
iniciales obtenidos en Suecia mediante GC‐MS. Generalmente, conlleva la extracción acuosa de 
acrilamida a partir de la matriz del alimento seguido de una o varias etapas de SPE utilizando 
rellenos  tanto  de  fase  inversa  como  de  intercambio  iónico.  Finalmente,  la  separación 
cromatográfica se realiza mediante HPLC con columnas de grafito, fase  inversa o  intercambio 
iónico. En cuanto al  sistema de detección,  la mayoría de  los  trabajos publicados emplean  la 
espectrometría  de masas  con  un  analizador  de  triple  cuadruplo  con  ionización  positiva  por 
electrospray (ESI) y en menor medida APCI. No obstante, y debido al alto coste de este sistema 
ha sido necesario desarrollar métodos basados en un único cuadrupolo en modo SIM, con los 




fragmentos  iónicos,  la  confirmación  se  logra  monitorizando  más  de  una  transición 
característica.  Sin  embargo,  ya  que  la  acrilamida  es  una  molécula  muy  polar  con  escasa 
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retención  en  los  rellenos  convencionales  de  fase  inversa,  y  a  pesar  del  uso  de  un 
espectrómetro  de  masas  en  tándem  operando  mediante  monitorización  de  reacciones 
seleccionadas (SRM), debe realizarse un esfuerzo adicional en  las etapas de purificación para 
evitar  la  interferencia de co‐extractivos. Finalmente,  la  identificación se basa en el tiempo de 

















Con  respecto  a  las  técnicas  de  electroforesis  capilar,  la  cromatografía  electrocinética  con 
microemulsión (Bermudo y col., 2004), así como la electroforesis capilar en zona después de la 
derivatización  con  2‐mercaptobenzoico  se  han  utilizado  con  buenos  resultados.  La 
cromatografía de líquidos y gases combinada con el analizador de tiempo de vuelo acoplado a 
la espectrometría de masas  (TOF‐MS)  se ha utilizado del mismo modo para el análisis de  la 
acrilamida  en muestras  de  alimentos  (Dunovska  y  col.,  2006;  Bermudo  y  col.,  2008).  Otro 
progreso en este área ha sido la estimación de la acrilamida utilizando un modelo matemático 
y algorítmico a través del uso de la espectroscopia de infrarrojo cercano (Pedreschi y col., 2010) 
y el análisis de  imágenes por ordenador  (Gökmen  y  col., 2008, Gökmen y Mogol, 2010). En 





comparación  con  los métodos  experimentales,  estos modelos  son más  rápidos  y  cómodos, 
especialmente cuando son aplicados para realizar una estimación preliminar. 
 
















































































































































































































































































































































































































































































































































































































  Desengrasado  con hexano, extracción  con agua, 






















Dispersión  de  la muestra  con  fase  sólida C18,  la 



















Dispersión  de  la muestra  con  fase  sólida C18,  la 
mezcla  es  empaquetada  en  columna  SPE  de 






























fácil  en  el  análisis  de  acrilamida  en  matrices  complejas.  De  ahí  que  las  autoridades 
competentes  hayan  hecho  especial  hincapié  en  la  necesidad  de  utilizar  materiales  de 





ISO  35:2006,  las  cuales  incluyen  el  tratamiento  de  los  materiales,  la  homogeneidad,  la 
evaluación de la estabilidad, la caracterización y la asignación del valor analítico (ISO Guide 34, 
2000;  ISO  Guide  35,  2006).  La  organización  FAPAS  (Food  Análisis  Performance  Assesment 
Scheme)  lleva organizando anualmente ejercicios de  intercomparación en diferentes matrices 
y analitos. La primera ronda de ensayos de aptitud sobre acrilamida  (FAPAS 3001) se  llevó a 
cabo  en  julio  de  2002  utilizando  una muestra  de  pan  tostado. De  la misma manera,  otras 
organizaciones  también  han  desarrollado  pruebas  de  aptitud  sobre  acrilamida.  El  IRMM  ha 
llevado  a  cabo  varios  ensayos  de  intercomparación  a  nivel  europeo  desde  julio  de  2003. 




















Este  efecto  puede  minimizarse  mediante  un  reacondicionamiento  después  del 
almacenamiento y siempre previo al procesado.  
 
Por  otro  lado,  la  bibliografía  describe  una  relación  inversa  entre  la  cantidad  de  fertilizante 
nitrogenado empleado en el cultivo de patata y el contenido de acrilamida, ya que cuando se 
utiliza  una menor  cantidad,  los  niveles  de  azúcares  reductores  se  elevan mientras  que  la 
proteína  cruda  y  los  niveles  de  aminoácidos  libres  disminuyen  (De Wilde  y  col.,  2006).  Sin 
embargo otros autores no observaron ninguna  relación  con el  tipo de  fertilizante empleado 
(Amrein y col., 2004a).  
 







En  los  cereales,  la asparagina es el  factor  limitante en  la  formación de acrilamida ya que  la 




utilizado.  El  centeno  es  el  cereal  que  posee mayor  contenido  en  asparagina,  alrededor  de 
cuatro veces más que el trigo (centeno: 634 mg/kg; trigo: 174 mg/kg). Sin embargo el arroz es 
el  que menor  contenido  tiene  (<  100 mg/kg), mientras  que  el maíz  y  la  avena  tienen  un 






durante  el  crecimiento  de  los  cultivos  de  cereales  provoca  un  aumento  de  los  niveles  de 
aminoácidos y del contenido en proteína en el grano, lo que se traduce en un aumento de los 





niveles  de  acrilamida  en  productos  de  panadería  (Claus  y  col.,  2006a).  Por  lo  tanto,  la 
fertilización nitrogenada debe ajustarse a los requisitos mínimos de los cultivos. En el caso de 





partir del  tostado del grano de café verde, es decir, sin  la adición de otros  ingredientes. Las 
concentraciones de asparagina se encuentran dentro de un rango muy estrecho, por lo general 
de  20  a  100  mg/100  g  (CIAA,  2011).  En  general,  la  variedad  de  café  robusta  contiene 





100  g/100  g, mientras  que  los  de  la  glucosa  o  la  fructosa  son  inferiores  a  1  g/100  g.  Los 
azúcares  se  descomponen  rápidamente  durante  el  proceso  de  tostado  contribuyendo  a  la 





Los  factores  de mayor  importancia  en  la  formación  de  acrilamida  en  los  alimentos  son  la 
temperatura  y  el  contenido  final  de  humedad.  La  formación  de  acrilamida  se  inicia  a 
temperaturas superiores a 120  ºC, y alcanza un máximo alrededor 170‐180  ºC  (Tareke y col., 
2002). Sin embargo, a altas temperaturas (180 ºC‐200 ºC), el aumento drástico de los niveles de 














formación  no  es  la  misma  en  la  superficie  que  en  el  interior,  como  consecuencia  de  la 
diferente transferencia de calor y evaporación de agua. En realidad, la temperatura del interior 
no  llega  a  superar  los  100  ºC,  incluso  durante  un  calentamiento  prolongado  a  190  ºC.  Sin 
embargo, en las patatas fritas de aperitivo la humedad en todo el producto es inferior al 2,5%, 
con  temperaturas  centrales  superiores  a  120  ºC  y  por  tanto,  niveles  más  elevados  de 
acrilamida.  
 
Existen  otros  aspectos  que  han  de  tenerse  en  cuenta.  Por  ejemplo,  una  elevada  relación 
superficie‐volumen  conduce a niveles  significativamente más altos de acrilamida, ya que no 
sólo más precursores han estado expuestos a mayores  temperaturas de  superficie  sino que 
también,  todo  el  volumen  se  calienta más  rápido.  Por  otro  lado,  la  cantidad  de muestra 
determina el descenso de temperatura que se produce al sumergirse el producto en el aceite y 
el tiempo de fritura requerido para recuperar la temperatura inicial, y por tanto, la formación 










Al  igual  que  en  los  procesos  de  fritura,  la  temperatura  y  la  humedad  son  dos  parámetros 
cruciales  en  el  proceso  de  horneado.  Diversos  estudios  han  demostrado  que  el  99%  de  la 
acrilamida se forma en la corteza, y que los niveles aumentan con el tiempo y la temperatura 
(Claus  y  col.,  2005;  Keramat  y  col.,  2011).  Por  el  contrario,  solo  pequeñas  trazas  se  han 
encontrado en el  interior debido a que se alcanzan  temperaturas de  tan sólo 100  ºC  (Sadd y 
Hamlet, 2005).  






hornos  a  la  superficie  del  alimento.  Generalmente,  se  emplean  dos  tipos  de  hornos,  los 
convencionales cuya  transferencia de calor se realiza mediante conducción y  radiación, y  los 
de  convección  que  se  basan  en  la  circulación  forzada  de  aire.  Claus  y  col.  estudiaron  la 
influencia  de  estos  dos  hornos  en  la  cocción  de  panes  y  observaron  que  los  niveles  de 









de desayuno  también  tiene  influencia en  la generación de acrilamida. Rufián‐Henares y  col. 
estudiaron  el  impacto  de  dos  tecnologías  diferentes  de  extrusión:  extrusión  con  expansión 
retardada  (PFEC), utilizada en  la elaboración de cereales de copos, y extrusión de expansión 














al  mismo  ritmo  que  la  asparagina  durante  la  primera  hora  de  fermentación  aunque 
posteriormente se mantuvo constante. Por lo tanto, un tiempo de fermentación de, al menos, 




















aplicadas  (entre  220  y  250  °C),  donde  las  reacciones  que  conducen  a  la 
degradación/eliminación de  la acrilamida son predominantes al final del ciclo de tostado. Sin 
embargo,  las  reacciones  y  el  mecanismo  por  el  cual  se  produce  la  eliminación  son  aún 
desconocidos aunque pueden  ser explicados  tanto por evaporación como por  reacciones de 
degradación/polimerización  (Stadler,  2006)  y  condensación  con  productos  finales  de  la  RM 
(Pastoriza y col., 2012).  
 
Varios  grupos  de  investigación  han  demostrado  que  la  acrilamida  no  es  estable  en  el  café 
almacenado  a  temperatura  ambiente  en  su  envase  original  (Delatour  y  col.,  2004; 
Andrzejewski  y  col.,  2004),  registrándose  pérdidas  que  van  del  40%  al  60%.  La  pérdida  es 
mayor durante los primeros 2‐3 meses, y depende de la temperatura de almacenamiento. Un 
aumento  de  temperatura  (37  ºC)  conduce  a  una  disminución  más  rápida  que  bajas 
temperaturas  (‐  18  a  4  ºC).  Baum  y  col.  a  través  de  sus  experimentos  con  14C‐acrilamida 
indicaron que  la  causa de  la eliminación durante el almacenamiento podría  ser debido a  la 
interacción  covalente de  la  acrilamida  con  la matriz  insoluble del  café  (Baum  y  col.,  2008). 
Estos  autores  no  encontraron  formación  de  aductos  con  los  furantioles  (componentes 
abundantes del aroma del café  tostado). Más  recientemente, se ha sugerido que  los grupos 





amino  nucleofílicos  de  los  aminoácidos  participantes  del  esqueleto  proteico  de  las 





de  la  reacción,  con  el  fin  de  identificar  las  condiciones  que  nos  permitan  controlar  el 
mecanismo.  La  formación de  acrilamida en  los  alimentos puede  ser  representada de  forma 
simplificada por el  siguiente esquema,  siendo kF y kE  las constantes cinéticas de  formación y 
eliminación respectivamente, a la temperatura estudiada. 
 















En otros casos se ha visto que  la pérdida del azúcar es más rápida que  la del aminoácido,  lo 
que podría explicarse por el consumo del azúcar en  las reacciones de caramelización además 
de  en  la RM,  y por  el hecho de  la  regeneración  de  la  asparagina  a partir de  los productos 











formación de un producto  intermedio previo a  la generación de ésta. Esta  fase  se  reduce a 
medida  que  aumenta  la  temperatura  de  reacción.  A  continuación,  la  concentración  de 
acrilamida aumenta exponencialmente con el  tiempo hasta  llegar a un máximo, después del 
cual  disminuye  de  nuevo,  predominando  por  tanto  en  esta  parte  la  eliminación  sobre  la 
formación.  Dependiendo  de  la  composición  del  sistema  y  los  tiempos  de  reacción,  este 
descenso  se produce a diferentes  temperaturas. Se puede observar alrededor de 140  ºC en 
sistemas modelo de Glu‐Asn (De Vleeschouwer y col., 2009a), pero en la mayoría de los casos 
sólo se produce a temperaturas superiores a 160 ºC (Mottram y col., 2002). Esta disminución 














reaccionar  directamente  con  la  asparagina  para  formar  acrilamida,  sino  que  primero  ha  de 
descomponenerse (p.f. 190 ºC) a compuestos carbonílicos reactivos. 
 
En condiciones de baja humedad, antes de que  tenga  lugar  la RM,  se producen primero  los 
cambios físicos. A medida que la humedad se reduce debido a la evaporación producida por el 
proceso de calentamiento,  los azúcares disueltos  inicialmente en el agua empiezan a  formar 
una  solución  saturada  y  cristalizan. Después de  la  cristalización,  la  fusión  es necesaria para 
cambiar su estado a  líquido, y que sean reactivos. Por tanto,  los azúcares reductores con un 
menor punto de  fusión generan más acrilamida, de ahí que  la  fructosa  (p.f. 126  ºC) sea más 
reactiva  que  la  glucosa  (p.f.  157  ºC).  Sin  embargo,  en  los  sistemas  líquidos,  la  movilidad 
molecular ya no es el factor limitante y la reactividad relativa del azúcar se ve determinada por 









Además  de  la  temperatura  y  la  humedad,  el  pH  puede  influir  en  la  reactividad  de  los 
precursores. A medida que transcurre la RM, se van formando H+ que hacen que disminuyan el 
pH  del  sistema.  En  consecuencia,  en  la  cinética  de  la  acrilamida  es  necesario  el  uso  de  un 








Una  vez  que  se  constata  la  formación  de  acrilamida  durante  el  cocinado  de  los  alimentos, 








Ya  que  los  azúcares  reductores  y  la  asparagina  libre  son  los  principales  precursores  de  la 
formación de acrilamida en  los alimentos, una  reducción de  cualquiera de ellos  supone una 
inmediata disminución de  los niveles de acrilamida. Es por ello que,  tratamientos de  lavado, 
remojo y escaldado han resultado efectivos en los productos de patata (Pedreschi y col., 2007). 
El escaldado, por ejemplo, se aplica para minimizar la formación de zonas más tostadas de las 




es  una  de  las  estrategias  más  eficientes  para  reducir  (hasta  en  un  90%)  los  niveles  de 
acrilamida  en patatas  (Zyzak  y  col., 2003; Pedreschi  y  col., 2011)  y productos de panadería 
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(Anese y col., 2011), además de no observarse ninguna modificación en el sabor y apariencia 
de  los  productos.  Esto  ha  hecho  que  esté  siendo  utilizada  en  algunos  productos  a  escala 
industrial  (CIAA,  2011)  aunque  el  alto  coste  supone  una  gran  limitación.  Recientemente, 
Pedreschi  y  col. han demostrado que  el escaldado de patatas  junto  con el  tratamiento  con 
asparaginasa  es  una  combinación  efectiva  para  la mitigación  de  acrilamida  (hasta  un  90%) 
durante los procesos de fritura, ya que parece ser que provoca cambios en la microestructura 
de la patata conduciendo a una difusión más fácil y eficaz de la enzima (Pedreschi y col., 2011). 
Actualmente,  están  diponible  dos  preparaciones  comerciales  de  asparaginasa:  Acrylaway® 
derivada  del  Aspergillus  oryzae  (Novozymes,  Dinamarca)  y  Preventase™  producida  por  el 
Aspergillus niger  (DSM Food Specialties, Dinamarca). Ambas  fueron evaluadas positivamente 
por  el  Comité  de  Expertos  de  la  FAO/OMS,  y  por  la  FDA  respecto  al  reconocimiento GRAS 
(Generally Recognized As Safe) de la enzima (JECFA, 2009).  
 
Por otro  lado,  tiempos de  fermentación de masa prolongados de hasta 2 h puede  reducir  la 





los niveles de azúcares en  las patatas. Durante el almacenamiento, aumenta  la  cantidad de 
azúcar,  por  tanto,  la  utilización  de  patatas  frescas  supone  una  reducción  en  los  niveles  de 




Variedades  de  patata  con  cantidades  relativamente  más  bajas  de  azúcares  reductores  y 
asparagina también afectarán a los niveles de acrilamida. Asimismo, se recomienda seleccionar 





el  tipo  de  aceite,  etc.,  podría  ser  considerado  como  el  camino más  directo  para  reducir  la 
acrilamida.  










visual  en  la  formación  de  acrilamida  (Gökmen  y  col.,  2008).  No  obstante,  la  RM  también 
garantiza el aroma y el sabor apetecible, la textura y el color en los alimentos procesados, por 
lo  que  una  reducción  de  tiempo  y  temperatura  podrían  comprometer  esos  aspectos  tan 
importantes para el consumidor. 
 






En  referencia  a  los métodos  de  procesado,  son  pocos  los  artículos  que  están  dirigidos  a  la 
reducción  de  la  temperatura  sin  causar  efectos  negativos.  Uno  de  los  ejemplos  más 
representativos es  la aplicación de  técnicas de vacío en el proceso de  fritura  (Granda y col., 
2004). Asimismo, el empleo de microondas como pretratamiento resultó ser muy efectivo en 
la reducción de acrilamida (hasta un 60%) en papatas fritas (Erdogdu y col., 2007). El cambio 





Otra  de  las  estrategias  de  mitigación  de  la  acrilamida  es  a  través  de  la  composición  del 
alimento:  por  sustitución  de  precursores  que  son  altamente  reactivos,  por  otros  menos 




El empleo de sacarosa en  lugar de miel o  jarabe de azúcar  invertido reduce  la  formación de 
acrilamida en galletas, panes y pasteles  (Amrein y col., 2004b). Este hecho se puede explicar 
       86 
por  la  falta de  compuestos  carbonílicos  reactivos,  concretamente  fructosa y glucosa,  lo que 
lleva a una fuerte disminución en el progreso de la RM. Se ha demostrado que el bicarbonato 
amónico,  utilizado  como  gasificante  en  la masa,  aumenta  en  gran medida  la  formación  de 
acrilamida. La  sustitución de este hidrogenocarbonato por  su  sal correspondiente causa una 
disminución de hasta un 70% (Graf y col., 2006). También se puede sustituir por una mezcla de 
diferentes  agentes  (bicarbonato  de  sodio  y  acidulantes,  disódico  difosfato,  bicarbonato 
potásico y bitartrato de potasio) aunque por  lo general conduce a que  los productos puedan 












del  ácido  cítrico  y  acético  en  la producción de patatas  fritas  a  escala  industrial observando 
también mayor reducción en el caso del cítrico (Vinci y col., 2011). Sin embargo, la utilización 




La  adición  de  aminoácidos  o  ingredientes  a  base  de  proteínas  en  la  alimentación,  pueden 




Entre  los  aminoácidos  estudiados,  la  glicina  ha  resultado  ser  el más  eficaz  (Rydberg  y  col., 
2003). En derivados de patata, la reducción oscila desde el 30 al 90%, según la concentración 
de  glicina  (0,3  a  1,0%  p/p)  y  las  condiciones  de  procesado  utilizadas.  Por  el  contrario,  en 
productos de panadería se ha  logrado reducciones alrededor del 15‐20% mediante  la adición 
de los aminoácidos a la masa antes de hornear (en este caso, sin embargo, la concentración de 





aminoácidos  fue de  tres a  cuatro veces menor que en  los estudios anteriores)  (Sadd y  col., 
2008).  
 
De  la misma manera  la cisteína parece  favorecer  la eliminación de  la acrilamida debido a  la 
reacción  de  ésta  con  los  grupos  SH  de  la  cisteína,  formando  el  cisteinil‐S‐β‐propionamida 
(Friedman,  2003).  Desafortunadamente,  su  uso  está  restringido  debido  a  los  olores 
desagradables que puede generar en los alimentos.  
 
En  otro  estudio  llevado  a  cabo  recientemente  se  mostró  que  la  taurina,  un  aminoácido 
semiesencial  derivado  de  la  cisteína  y  la metionina,  ejerce  su  efecto  inhibidor mediante  la 
reacción directa con la acrilamida formando aductos acrilamida‐taurina (Hao y col., 2011). De 
la  misma  manera,  las  proteínas  pueden  actuar  inhibiendo  la  reacción  de  formación  o 





prevenir  la  formación  de  la  base  de  Schiff  de  la  asparagina,  sino  también  exhibir  efectos 
catalíticos sobre la reacción de polimerización de la acrilamida (Kolek y col., 2007).  
 
Los  estudios  sobre  el  efecto  del NaCl  en  sistemas modelo  y  alimentos  (galletas  y  pan)  han 
demostrado que, con concentraciones relativamente bajas de Na+  (1‐2%, p/p) se disminuyen 
las cantidades de acrilamida, mientras que con niveles más altos, aumentan (Claus y col., 2008; 
Levine  y  Smith,  2005).  Gökmen  y  Şenyuva  (Gökmen  y  Şenyuva,  2007)  encontraron  que  la 
adición  de  cationes  divalentes  (Ca2+)  provoca  la  completa  inhibición  de  la  formación  de 
acrilamida  tanto  en  sistemas  modelo  como  en  alimentos,  mientras  que  los  cationes 
monovalentes  (Na+)  reducen  las  cantidades  de  acrilamida  en  un  70%.  Asimismo,  ha  dado 
buenos resultados la inmersión de patatas en soluciones salinas (Gökmen y Şenyuva, 2007), e 
incluso mejores  si  se  acompaña  previamente  de  un  lavado  en  agua  caliente,  ya  que  este 
tratamiento  favorece  la difusión del NaCl  (Pedreschi y col., 2010). Estos  tratamientos  fueron 
capaces  de  reducir  los  niveles  de  acrilamida  sin  que  se  vieran  afectadas  las  propiedades 
sensoriales  del  alimento.  Sin  embargo,  pueden  producirse  efectos  negativos,  por  ejemplo, 























capturan  los  electrones  libres  de  los  radicales  intermedios  formados  en  la RM  (Friedman  y 











de  acrilamida  (Kotsiou  y  col.,  2010;  Zeng  y  col.,  2009).  De  la misma manera,  la  adición  a 
aceitunas  maduras  de  extracto  de  orégano  y  compuestos  antioxidantes  naturalmente 
presentes, como el hidroxitirosol y el 3,4‐dihidroxifenil glicol (contienen grupos aldehídos), no 
redujo el contenido de acrilamida (Casado y col., 2010). Por tanto, este hecho está relacionado 





con  la  estructura  de  cada  uno  de  los  compuestos  fenólicos  presentes  en  el  aceite  de  oliva 
virgen. En este sentido, los grupos funcionales (hidroxilo o aldehído) terminales de la cadena, 
desempeñan  un  papel  significativo  en  la  capacidad  de  los  compuestos  fenólicos  para 
interrumpir o favorecer ciertas rutas del mecanismo de formación de  la acrilamida (Kotsiou y 












Recientemente,  nuestro  grupo  de  investigación  ha  demostrado  que  especialmente  la 
piridoxamina,  luego  la piridoxina,  y en menor medida, el piridoxal  (vitámeros de  la B6),  son 
eficaces a  la hora de  reducir  la acrilamida en  sistemas modelo  (Capítulo 3. Artículo 3.1). Al 
mismo  tiempo,  otros  autores  realizaron  una  investigación  en  sistemas  modelo  y  patatas 






para explicar  la  inhibición de  la acrilamida por efecto de  las vitaminas, sin embargo, hay que 
tener en  cuenta  las  características estructurales de  cada una de ellas. Por ejemplo, algunas 
vitaminas contienen grupos nucleófilos, como es el caso de  la piridoxamina que contiene un 
grupo  amino  capaz  de  reaccionar  con  la  acrilamida  (compuesto  α,β‐insaturado)  y  formar 








diferente a  las comentadas hasta ahora. De hecho, el objetivo no es reducir  la  formación de 
acrilamida  durante  el  procesado  de  los  alimentos,  sino  eliminar  físicamente  la  molécula 
después de que el tratamiento térmico se haya completado. Esto puede llevarse a cabo gracias 
a su bajo peso molecular, y al estudio de sus propiedades  físicas y químicas. En principio,  la 




experimentos  llevados  a  cabo  en  sistemas modelo  confirmaron  dichos  resultados  (Nicoli  y 
Anese,  2006).  Sin  embargo,  se  ha  comprobado  que  no  sólo  las  condiciones  de  presión, 







Como  ya  se  ha  comentado,  existen  diferentes  bases  de  datos,  de  las  cuales  la  del  Centro 
Común  de  Investigación‐Instituto  de Materiales  y Medidas  de  Referencia  (JRC‐IRMM)  de  la 
Comisión Europea es  la más  importante,  iniciándose en el año 2003. Más  tarde, en 2007,  la 
Comisión Europea emitió una recomendación a  los Estados miembros  (Recomendación de  la 
Comisión 2007/331/CE) con la finalidad de emprender un seguimiento anual de los niveles de 
acrilamida para los años 2007, 2008 y 2009 de acuerdo con un procedimiento de muestreo. En 
el 2009,  la EFSA comparó  los  resultados de  la vigilancia de  los niveles de acrilamida del año 
2007  con  los  anteriores  resultados  recogidos  en  el  período  2003‐2006  por  el  JRC‐IRMM. 
Posteriormente, se emitió un  informe actualizado respecto del seguimiento de  los resultados 
del 2008 en comparación con  los del 2007. Y en abril del 2011 se publicó el  informe final del 




















































































































































































































































mientras  que  en  el  año  2009  el  valor más  alto  fue  en  las  patatas  fritas  de  aperitivo  (4804 
μg/kg).  Por  el  contrario,  el  pan  de molde,  los  cereales  infantiles  y  los  potitos  son  los  que 




a  la  importante contribución a  la exposición a acrilamida en  la población, basada tanto en el 
alto consumo como en el elevado contenido de acrilamida. Los valores de acrilamida (mediana) 
no mostraron ningún cambio estadísticamente significativo a lo largo de los tres años a pesar 
de  las medidas adoptadas por  las  industrias en  solicitud de  la CIAA con el  fin de  reducir  los 















exposición media de acrilamida.  Las únicas  tendencias decrecientes en  los  tres años  fueron 
observados para el caso de los crackers (35%), las galletas infantiles (49%), y el pan de jengibre 
(27%). En la bibliografía, los resultados de las actividades de vigilancia en los Países Bajos han 




de  los adultos, es el café. Cabe recordar que  las opciones disponibles para reducir  los niveles 
de acrilamida sin afectar a la calidad del producto son muy limitadas (CIAA, 2011). Cuando se 
compararon  los  valores medios  del  año  2009  de  los  tres  tipos  de  café  analizados:  tostado, 






niveles  en  el  caso  del  café  instantáneo,  mientras  que  para  los  dos  grupos  restantes  la 











(ciruelas,  peras,  y  albaricoques).  Por  ejemplo,  en  el  caso  de  las  almendras  tostadas,  éstas 
contienen  precursores  de  acrilamida  en  niveles  apreciables. Así  el  contenido  de  asparagina 
libre  se  encuentra  comprendido  en  el  rango  2000‐3000 mg/kg mientras  que  los  niveles  de 
glucosa y fructosa entre 500‐1300 mg/kg y de sacarosa entre 2500‐5300 mg/kg (Zhang y col., 
2009). Como  resultado de ello,  las  concentraciones de  las almendras  tostadas oscilan entre 
260 a 1530 μg/kg (Becalski y col., 2003). Aunque la concentración en tales productos puede ser 






países  siendo  el  número  total  de  los  resultados  de  6752  (Tabla  16).  Si  se  comparan  los 
resultados obtenidos a  través de  la OMS  con  los procedentes de  la EFSA, puede observarse 
que son similares, exceptuando los resultados del pan y las galletas cuyos valores son algo más 






























































































































































































Los  productos  de  galletería  y  panadería  forman  parte  de  una  gran  familia  de  alimentos 
horneados a base de cereales que pueden tener un origen y una composición muy diversa. Su 
elaboración  requiere  diferentes  etapas,  como  la  mezcla  de  los  ingredientes,  amasado, 
fermentación de la masa, cocción y, en algunos casos, una etapa final de tostado. Estas últimas 
etapas  favorecen  las principales  reacciones  responsables del color y  sabor característicos de 
estos productos, como son la RM y la caramelización.  
 





como  de  derivados  de  pan,  se  encuentra  bastante  extendido,  podrían  ser  una  fuente 
importante de exposición a acrilamida en  la dieta española. Este  trabajo  también estudia  la 





técnica  analítica  empleada para  la determinación de  acrilamida  en  las muestras  fue  LC‐MS, 
obteniéndose  como  LOQ  un  valor  de  30  μg/kg  para  ambos  productos.  Los  contenidos  de 
acrilamida fueron: <LOQ‐2085, <LOQ‐151, <LOQ‐296 y <LOQ‐323 μg/kg para las galletas, el pan 












































































Food Additives and Contaminants, April 2007; 24(4): 343–350
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Abstract
An overview of the acrylamide content in commercial biscuits and bread derivatives (bread sticks, bread crust, crackers)
marketed in Spain is presented. Acrylamide was determined by stable isotope dilution LC–MS with an LOQ of 30 mg kg1.
Acrylamide content ranged from <LOQ–2085, <LOQ–151, <LOQ–296 and <LOQ–323 mg kg1 for biscuits, crisp bread,
crackers and bread sticks, respectively. Acrylamide was significantly higher in samples when ammonium hydrogen
carbonate had been used as a rising agent and high fibre content (45%) used in the formulation, but lower when functional
ingredients, such as polyols, were used. An estimation of the acrylamide dietary exposure related to biscuits and bread
derivatives was calculated as 0.082 mg kg1 day1. Estimated dietary intake were 0.002 and 0.058mg kg1 day1 for crackers
and biscuits, respectively.
Keywords: Acrylamide, biscuits, crisp bread, crackers, bread sticks, food contaminants
Introduction
The detection of acrylamide, which has been
classified as a probable carcinogen by the
International Agency for Research on Cancer
(IARC 1994), in a large variety of heated foods
(Tareke et al. 2002) has created concern among
regulating authorities, the food industry and general
public. Consequently, worldwide monitoring of
acrylamide in different food types has begun
(Lineback et al. 2005). Extensive data on levels of
acrylamide have been collected by the European
Commission (2005) and by the US Food and Drug
Administration (2004). Among the most important
matrices included in the European monitoring
database are potato chips, crispbread, breakfast
cereals and biscuits.
Acrylamide is formed in the Maillard reaction–
reducing sugars, such as glucose and fructose, and the
amino acid, asparagine, being the major reactants
(Stadler et al. 2002, 2004; Zyzak et al. 2003).
Two mechanisms, varying in details, have been
proposed (Becalski et al. 2003; Zyzak et al. 2003).
However, evidence clearly points to the reaction
between asparagine and reducing sugars as the main
source.
It is now well-established that processing condi-
tions, such as time, temperature and matrix, influence
acrylamide formation and degradation (Friedman
2003). Acrylamide formation was found to occur
during the browning process at temperatures above
120C (Mottram et al. 2002; Yaylayan et al. 2003).
In the case of starchy products (mainly bakery),
acrylamide contents up to 2000mg kg1 were
observed (Croft et al. 2004). The highest contents
were often found in products, such as gingerbread,
prepared with the baking agent, ammonium
hydrogen carbonate (Konings et al. 2003; Amrein
et al. 2004), which has been shown to strongly
promote acrylamide formation in sweets bakery
(Biedermann et al. 2003; Graf et al. 2006).
As stated above, investigations on acrylamide
formation has focused on food commodities with
high acrylamide levels, such as potato-derived
foodstuffs, or those having a significant impact on
population dietary habits, such as cereal-based
foodstuffs. Biscuits and bread derivatives comprise
a huge family of products obtained by baking a
variety of cereal crops. Generally, manufacture of
both types of products involves different steps,
such as mixing of ingredients and kneading, dough
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fermentation (mainly in bread crust and bread
sticks), baking to 250C for 15–30 min and, in
some cases, a final toasting step (Ramirez-Jimenez
et al. 2000). This last step favours the main
chemical reactions involved during biscuits or
bread derivatives manufacture, the Maillard reaction
and caramelisation, which are responsible for
the colour and flavour of these products
(Ramirez-Jimenez et al. 2000).
This study gives an overview of acrylamide levels
in commercial biscuits and bread derivatives
marketed in Spain. These products, due to their
relatively widespread consumption, could be a key
source of acrylamide in the Spanish diet. Therefore,
the relationship between acrylamide intake and
population factors is also presented. In addition,
the correlation among levels of acrylamide
and compositional parameters of the samples
(i.e. presence of ammonium hydrogen carbonate,




Experiments were conducted with a series of
commercial biscuits (62 samples), bread crust
(24 samples), bread sticks (10 samples) and crackers
(11 samples) randomly purchased in different
supermarkets from the Autonomous Community of
Madrid (Spain). The distribution of samples was
representative of the proportions of these food
commodities in the Spanish market. Samples
(300–500 g) were mixed and finely ground to
ensure homogeneous distribution. Sub-samples
(20 g) were divided into four containers and stored
under vacuum and light-protected at 4C until
analysis.
Chemicals and materials
[13C3]acrylamide (isotopic purity 99%) was from
Cambridge Isotope Labs (Andover, MA, USA).
Acrylamide (99%), potassium ferrocianide
(Carrez I), zinc acetate (Carrez II) were from
Sigma–Aldrich (St. Louis, MO, USA). Acetic acid
(ultrapure grade) and Pronase E were from Merck
(Darmstadt, Germany). Methanol and acetonitrile
(HPLC grade) were from Scharlau (Barcelona,
Spain). The solid-phase extraction (SPE) cartridges
Isolute Multimode (500 mg, 3 ml) were from IST
(Hewgoed, Mid-Glamorgan, UK)
Acrylamide standard and reagents
Stock solutions of acrylamide (0.01 mg ml1) and
[13C3]acrylamide (5 mg ml
1) were prepared by
dissolving the compounds in Milli-Q water and
methanol, respectively. These solutions were then
appropriately diluted with Milli-Q water (Millipore
Corp., Madrid, Spain) to prepare working standards
at 1.0 mg ml1. All stock solutions and working
standards were stored light-protected in a refrigera-
tor at 4C for up to 3 months. Carrez I solution was
prepared by dissolving 15 g of potassium ferrocianide
in 100 ml of water and Carrez II solution by
dissolving 30 g of zinc acetate in 100 ml of water.
Acrylamide analysis
Acrylamide was analysed as described by
Rufian-Henares et al. (2006) with some minor
modifications.
Sample extraction. Sample powder (0.75 g) was
weighed with a precision of 0.1 mg and suspended
with 8 ml of Milli-Q water in polypropylene centri-
fuge tubes. Mixture was spiked with 200 ml of a
5mg ml1 [13C3]acrylamide methanolic solution as
internal standard and later homogenized. Acrylamide
extraction was performed at room temperature for
20 min, and a 10-s shaking every 10 min. To clarify
the solution, 0.5 ml of each Carrez I and Carrez II
solutions were added and finally the mixture was
centrifuged (9000 g; 10 min; 4C).
Sample clean up. Isolute Multimode SPE
cartridges were preconditioned with 2 ml methanol,
2 ml water and 2 ml air to remove excessive water.
An aliquot of the clear supernatant (1 ml) was loaded
onto the cartridge at a flow rate of 2 ml min1.
Then, 2 ml of air were passed and, finally, acryla-
mide was eluted with 1 ml of water at the same flow
rate. The solution was filtered through a 0.45 mm
filter into an amberlite LC–MS vial.
LC–MS analysis. Sample extracts and calibration
standards were analysed on an Agilent 1100 liquid
chromatograph coupled to an Agilent Quadrupole
MS detector (Agilent Technologies, Palo Alto, CA,
USA). Analytical separation was achieved with a
Luna ODS2 (25 0.46 cm, 5mm; Phenomenex,
Torrance, CA, USA) at 32C. Isocratic elution was
achieved with a mobile phase of acetic acid/
methanol/Milli-Q water (0.1:2.5:97.4, v/v) at a
flow rate of 0.8 ml min1. The injection volume
was 80 ml. Electrospray ionization in the positive
ionization mode was used. The MS detector
operated in selected ion monitoring (SIM) mode
at m/z ratios of 72.1 and 75.1 for acrylamide
and [13C3]acrylamide, respectively. Under these
chromatographic conditions, acrylamide eluted at
6.8 min. A delay time of 3 min was selected to avoid































the introduction of coextracted matrix components
into the MS instrument prior to acrylamide elution.
The needle and cone voltages were set at 3.0 kV and
100 V, respectively. Nitrogen was used as nebulizer
gas (12.0 l h1) and the source temperature was set
at 300C.
Quantitation. Acrylamide was quantified using
a linear calibration function that was established
with standard solutions of acrylamide and
[13C3]acrylamide dissolved in Milli-Q water
(25–1000 mg l1). Acrylamide contents in sample
extracts were calculated from the calibration slope
and intercept value, taking into account the recovery
calculated by means of [13C3]acrylamide slope.
Limit of quantification (LOQ) was 30mg kg1 on
the basis of signal-to-noise ratio of 3:1.
Statistical. Statistical significance of data was tested
by one-way analysis of the variance (ANOVA)
(Table I), followed by Duncan’s test to compare
means that showed significant variation (P< 0.05).
Analyses were performed using Statgraphics Plus,
version 5.1 (2001). At least two independent
analyses were carried out per sample.
Results and discussion
Sample analysis
The analysis of acrylamide was carried out by means
of an analytical methodology previously established
for potato chips (Rufian-Henares and Morales 2006)
and subsequently adjusted for breakfast cereals
(Rufian-Henares et al. 2006). The procedure was
accurate, precise and had adequate sensitivity to
detect the acrylamide content of the targeted food
commodities
Bread derivatives. A total of 45 bread types were
studied: 24 crispbreads, 10 bread sticks and 11
crackers. A detailed study of acrylamide distribution
was carried out and a box-and-whisker plot was
used since this graphical presentation uses a non-
parametric test (Figure 1a). Acrylamide ranged from
<LOQ–151 mg kg1 for crispbread, with a mean
value of 87mg kg1 and a median of 100 mg kg1.
In the case of crackers, acrylamide ranged from
<LOQ–296 mg kg1, being mean value 140mg kg1
and median 155 mg kg1. Finally, in the case of bread
sticks acrylamide ranged from <LOQ–323mg kg1
with a mean value of 157 mg kg1 and a median of
139mg kg1.
Similar values where reported by other authors
(Murkovic 2004; Senyuva and Go¨kmen 2006;
Yusa et al. 2006), who found acrylamide levels
from 11–210 mg kg1 for crisp bread and, in the case
of crackers values ranging from <30–582 mg kg1
(Riediker and Stadler 2003; Senyuva and Go¨kmen
2005). The statistical treatment showed that the
acrylamide levels of crisp bread are significantly
lower (P< 0.05) than that of bread sticks and
crackers. The composition of both crispbread and
bread sticks is similar (mainly wheat flour, baking
powder, salt and water), whereas in the case of
crackers sodium hydrogencarbonate is used instead
of baking powder. Taking into account these
similarities, the differences in the acrylamide
content could come from the different baking
conditions (time and temperature) applied to the
products.
Many studies have attempted to find strategies to
minimize the levels of acrylamide. This objective can
be achieved either by modifying processing param-
eters, such as pH, temperature/time of heating or
acting on precursors or key intermediates. WHO and
the Scientific Committee for Food of the European
Union called for strategies to reduce acrylamide
formation to a minimum by implementing the
ALARA principle (as low as reasonably achievable).
In this sense the German Federal Office of
Consumer Protection and Food Safety (BVL 2004)
stated a signal value of 560 mg kg1 for bread
derivatives, as a concept of minimisation. Signal
value is defined as lowest level of the 10% containing
the highest level of acrylamide. Then, if acrylamide
contents are above this signal value, the food
producers are aware to take adequate actions to
lower the contents. As stated in Figure 2a,
Table I. Statistical treatment for acrylamide levels in commercial
biscuits grouped according to speciality, presence of ammonium
hydrogencarbonate as sole raising agent and dietary fibre content.
Factor Acrylamide (mg kg1) No. of samples
Total





Breakfast 247 41.8a 21
Enriched 83 37.4b 15
Fibre added 284 39.9a 18
Ammonium hydrogencarbonate
Yes 1549 117a 8
No 230 36.2b 54
Dietary fibre content
45% 283 38.1a 18
<5% 166 31.0b 44
Different superscript letters within the same factor indicate
statistical differences (one-way ANOVA and Duncan’s test,
P< 0.05).































acrylamide values ranged from <LOQ–323 mg kg1
for bread derivatives. Then, if the same concept is
applied in our survey, none of the samples levels
were higher than 560mg kg1. In this sense, due to
the lower values of the bread derivatives marketed in
Spain, a signal value of 222 mg kg1 was established
for the whole group. However, if the samples are
divided into the three original groups, the obtained
signal values for crisp bread, bread sticks and
crackers are 129, 293 and 232mg kg1, respectively.
This is an important issue taking into account that
the California Environmental Protection Agency
(Office of Environmental Health Hazard
Assessment) has recently proposed an alternative
cancer risk level, calculated to result in one excess
case of cancer in an exposed population of 10 000
and assuming lifetime exposure, when consuming
bread and cereals with an acrylamide concentration
lower than 200 mg kg1 (OEHHA 2005).
Biscuits. A total of 62 samples from 15
different producers where studied. In the case of
biscuits, the acrylamide content ranged from
<LOQ–2085 mg kg1, with an average value of
423mg kg1 and a median of 268 mg kg1. In addi-
tion, as shown in the box-and-whisker plot
(Figure 1b), eight outliners where found, all of
them with acrylamide contents higher than
1000mg kg1. Similar values have been reported by
other authors (Murkovic 2004; Senyuva and
Go¨kmen 2006; Yusa et al. 2006), who found
acrylamide levels up to 1060 mg kg1. When the
statistical treatment was applied to the biscuits and
bread derivatives groups, it was found that biscuits
present a statistically significant (P< 0.05) higher
acrylamide content. Contrary to the group of bread
derivatives, the composition of biscuits is quite
different and complex because different ingredients,
























































































Figure 2. Bar graph of acrylamide content in commercial bread derivatives (a) and biscuits (b).































and fructose mainly added as corn syrups),
fats (including !3-PUFAs), technological agents
(ammonium and sodium hydrogencarbonate), etc.
It is well-established that one of the components that
promote the generation of acrylamide are reducing
sugars (Friedman 2003; Zyzak et al. 2003;
Stadler et al. 2004). In addition, it has been shown
that the baking agent ammonium hydrogen carbo-
nate strongly promotes acrylamide formation
(Biedermann et al. 2003; Konings et al. 2003;
Amrein et al. 2004; Graf et al. 2006). Then, owing
to the presence of a higher content of acrylamide
precursors in biscuits, their higher acrylamide
content is a logical consequence.
As described previously, biscuits comprise a
heterogeneous food commodities group because
they are composed of a great variety of ingredients.
Then, to ascertain the possible differences in the
acrylamide content, biscuits were grouped according
to biscuit speciality, presence of ammonium hydro-
gen carbonate and dietary fibre content. The results
of the statistical treatment are depicted in Table I.
At the beginning, the first analysis showed no
statistical differences (data not shown), but a wide
distribution was found among groups of outliers
in Figure 2b. Then, due to their high acrylamide
content, the mean values of the different
groups was slanted. According to the table of
composition – supplied by the manufacturers – it
was found that the outliers were just addressed to
samples with ammonium hydrogencarbonate as
the sole raising agent, in contrast with the other 54
samples where different proportions of sodium and
ammonium hydrogencarbonate were used. In this
sense, it is believed that a higher amount of
ammonium hydrogencarbonate was used by the
manufacture of the outliers and, because this raising
agent enhances the acrylamide generation
(Biedermann et al. 2003; Konings et al. 2003;
Amrein et al. 2004; Graf et al. 2006), a larger
amount of acrylamide was formed. This hypothesis
explains the statistically significant differences
(P< 0.05) between the group where ammonium
hydrogen carbonate is the unique raising agent and
those with other agents added (mean acrylamide
content of 1549 and 230.4 mg kg1, respectively).
Taking into account the explanation given above,
the outliers were removed for the rest of the
statistical treatment. Biscuits were classified into
three groups based on health orientation, which is
closely related to their composition: those mainly
used for breakfast (n¼29), those enriched with
functional ingredients (n¼15), such as conjugated
linoleic acid, !3-PUFA, polyols, soy extracts or
L-carnitine, and those fibre-enriched (n¼ 18).
Enriched biscuits showed significantly (P< 0.05)
lower values of acrylamide (83 vs. 247 and
284mg kg1 for breakfast and fibre enriched biscuits,
respectively). It was found that most of the enriched
biscuits had polyols (such as maltitol or lactitol) and
potato starch replacing the addition of glucose and/
or fructose. This replacement gives rise to a decrease
in reducing sugar content and, thus, it is unfavour-
able to the generation of acrylamide. Moreover, the
enriched biscuits are elaborated by adding other
kinds of flours, such as rice or malt. In the case of
breakfast cereals, it has been shown that there is a
higher potential for acrylamide formation in wheat-
based cereals followed by corn, oat and rice (CIAA
2005; Rufian-Henares et al. 2006), therefore, it is
plausible that the decrease in wheat flour content
reduced acrylamide generation in biscuits.
Biscuits usually have dietary fibre contents of
3–4%, but when enriched with wheat-bran and/or
whole wheat flour, dietary fibre increases to 10–30%.
As illustrated in Table I, there were statistically
significant differences in acrylamide content between
the dietary fibre-added biscuits (283 38.1mg kg1;
n¼18; fibre content45%) and those without dietary
fibre (166 31.0 mg kg1; n¼ 44; fibre content
<5%), results which are in accordance to
those previously reported for breakfast cereals
(Rufian-Henares et al. 2006). Similar behaviour
was reported by Senyuva and Go¨kmen (2006),
who found that the acrylamide content of biscuits
with dietary fibre was higher than that of the usual
biscuits (486 and 261mg kg1, respectively).
This could be explained by the fact that asparagine,
the main precursor of acrylamide in cereal products
(RHM Technologies 2005) is concentrated in the
bran, particularly in wheat-bran (CIAA 2005).
Finally, the relationship was studied between the
acrylamide content of biscuits and the signal value
stated by the German Federal Office of Consumer
Protection and Food Safety (BVL 2004).
This organization stated a signal value of
575mg kg1 for an adult population and
360mg kg1 for children. As depicted in Figure 2b,
when applying the same concept, most of the
samples (80%) are under the 575 mg kg1 level.
Taking into account the results in this survey,
a signal level of 1283mg kg1 is found, although if
the eight outliers are omitted (due to the explanation
given above concerning to the addition of ammo-
nium hydrogen carbonate), a corrected level of
519mg kg1 is obtained, quite similar to the
German Office figure.
Acrylamide intake mediated by biscuits and
bread derivatives
Estimating consumer dietetic exposure to acryla-
mide is a high priority for governments and industry
alike. Extensive research is underway to determine































the extent to which acrylamide found in food is
bioavailable and to identify methods to reduce levels
and, thereby, decrease consumer exposure.
Consumer-exposure assessments will need to be
conducted to gauge the utility of various control
options. It is particularly important to be able to
assess the impact of proposed changes to the food
supply, including the impact of modifications in
processing and cooking procedures, on consumer
exposures.
To estimate the dietary exposure of Spanish
consumers to acrylamide from biscuits and bread
derivatives, the intake of these food supplies was used
(MAPA 2005). The results, collected in Table II,
have been expressed as mg kg1 day1 taking into
account a mean body weight of 70 kg. For total
population, the intake of acrylamide ranged
from 0.002 to 0.058mg kg1 day1 for crackers and
biscuits, respectively. In the case of biscuits, their
contribution to the total daily intake of acrylamide is
intermediate to that of breakfast cereals (0.038 mg
kg1 day1) and potato chips (0.093 mg kg1 day 1)
previously reported (Rufian-Henares and Morales
2006; Rufian-Henares et al. 2006).
There are considerable differences, even between
many European countries, due to differences in
food consumption patterns and cooking traditions.
Irrespective of cultural differences in nutritional
habits, the overall daily intake is about
0.4mg kg1 day1, according to the most recent
FDA estimates, basically confirming earlier esti-
mates from the US and several European authorities
(Dybing et al. 2005). Assuming a mean Spanish
intake of acrylamide similar to that of other
European countries, a mean daily intake of acryla-
mide of 0.2 mg kg1 day1 can be calculated assum-
ing only the intake of the above reported foods
(bread derivatives, biscuits, breakfast cereals, potato
chips). Estimations by WHO of the average intake
of acrylamide for the general population ranged
between 0.3 and 0.8 mg kg1 day1. It was supposed
that children and adolescents would generally have
exposures up to two to three times more than those
of adult consumers when expressed on a body weight
basis (WHO 2002).
The foods that contribute most to acrylamide
exposure vary depending upon the population’s
eating habits and the way the foods are processed
and prepared. Generally, the most important cate-
gories of food appear to be: fried potato products,
such as French fries and chips, ready-to-eat breakfast
cereals, baked goods, such as cookies, pies and
cakes, brewed coffee and breads, according to the
most recent results of the FDA/CFSAN (Dybing
et al. 2005). In this survey, representative of the
Spanish market contribution of biscuits, crisp bread,
crackers and bread sticks will be of 14.5, 4.75, 0.5
and 0.75%, respectively, of the estimated dietary
intake of acrylamide. In addition, the contribution of
potato chips and breakfast cereals will be 23 and
9.5%, respectively (Rufian-Henares and Morales
2006; Rufian-Henares et al. 2006).
In consumer-exposure assessments, it is also
important to know whether there are significant
differences in exposures in different sub-groups of
the population. Thus, the exposure to acrylamide
related to those foodstuffs studied was analysed in
more detail taking into account socio-economic







Total population 0.0190 0.0020 0.0030 0.0580
Autonomic community Maximum Extremadura for bread derivatives
and Balear Islands for biscuits
0.0200 0.0030 0.0040 0.0670
Minimum Canary Islands for bread derivatives
and Andalusia for biscuits
0.0110 0.0017 0.0020 0.0410
Family components Maximum Independent adults for biscuits and couples
without children for bread
0.0230 0.0034 0.0042 0.0801
Minimum Young couples with children 0.0100 0.0018 0.0018 0.0418
Socio-economic status Maximum Upper-class for biscuits and
middle/lower-class for bread derivatives
0.0235 0.0027 0.0042 0.0621
Minimum Upper-class for bread derivatives
and lower-class for biscuits
0.0116 0.0016 0.0024 0.0481
Population size Maximum 42000 Inhabitants for bread derivatives
and 10 000–100 000 for biscuits
0.0217 0.0027 0.0039 0.0630
Minimum <500 000 inhabitants 0.0131 0.0020 0.0024 0.0480
a Results expressed as mg kg1 day1 taking into account a mean body weight of 70 kg.































aspects (MAPA 2005). It was observed that there are
great differences in the intake of bread
derivatives depending on the socio-economic
community studied, almost doubling their intake.
When the number of family members was analysed,
it could be stated that the higher intakes was in
families composed of one or two independent adults,
whereas the lower intakes where found in young
couples with children. In the higher cases, the
contribution of biscuits changed from 14.5 to 20%
of the overall acrylamide intake. In the case of the
socio-economic status, the exposure to acrylamide is
higher in the upper-class due to their higher biscuit
intake. On the other hand, the lower-class showed
higher bread derivatives intake, whereas biscuit
consumption decreased. Finally, taking into account
population size, it was found that the lower
acrylamide intake was recorded in cities with more
than 500 000 inhabitants, whereas the maximum
intake was in localities with low to intermediate
number of inhabitants.
Conclusions
This work describes the determination of acrylamide
levels in biscuits and bread derivatives cereals
marketed in Spain, as a previous survey of foodstuffs
had indicated these to contain acrylamide.
The data were used to determine the dietary intake
of acrylamide for the Spanish population for
risk-assessment purposes. A mean daily dietary
intake of acrylamide of 0.082 mg kg1 day1 is
estimated, for which the contribution of biscuits
was higher than that of bread derivatives. It was also
shown that, in the case of biscuits, higher acrylamide
content was found in those manufactured with
ammonium hydrogen carbonate as the only raising
agent and in those biscuits with higher proportions
of dietary fibre. Conversely, lower acrylamide
content was found in biscuits enriched with
functional ingredients, such as polyols.
Acknowledgements
We are grateful to D. Gonez and M.A. Martinez-
Bartolome for technical assistance. Consejerı´a de
Education y Ciencia (Comunidad Autonoma de
Madrid) is thanked for supporting a predoctoral
grant for G. Arribas-Arias. This research was
supported by the Commission of the European
Communities under project COLL-CT-2005-
516415. It does not necessarily reflect its views and
in no way anticipates the comission’s future policy in
this area.
References
Amrein TM, Scho¨nba¨chler B, Escher F, Amado R. 2004.
Acrylamide in gingerbread: Critical factors for formation and
possible ways for reduction. Journal of Agricultural and Food
Chemistry 52:4282–4288.
Becalski A, Lau BP, Lewis D, Seaman SW. 2003. Acrylamide in
foods: Occurrence, sources, and modelling. Journal of
Agricultural and Food Chemistry 51:802–808.
Biedermann M, Grob K. 2003. Model studies on acrylamide
formation in potato, wheat flour and corn starch; ways to
reduce acrylamide contents in bakery ware. Mitteilungen aus
Lebensmitteluntersuchung und Hygiene 94:406–422.
BVL 2004. German Federal Office of Consumer Protection




CIAA 2005. Confederation of the Food and Drink Industries of
the UE. The CIAA acrylamide ‘‘toolbox’’, rev. 6, September.
Brussels: CIAA.
Croft M, Tong P, Fuentes D, Hambridge T. 2004. Australian
survey of acrylamide in carbohydrate-based foods. Food
Additives and Contaminants 21:721–736.
Dybing E, Farmer PB, Andersen M, Fennell TR, Lalljie SPD,
Mu¨ller DJG, Olin S, Petersen BJ, Schlatter J, Scholz G, et al.
2005. Human exposure and internal dose assessments of
acrylamide in food. Food and Chemical Toxicology
43:365–410.
European Commission 2005. Directorate General Joint Research
Centre, Institute for Reference Materials and Measurements.
Available: http://www.irmm.jrc.be/html activities/Acrylamide/
database.html. Accessed 2005 February 12.
Food and Drug Administration (FDA) 2004. Available: http://
www.cfsan.fda.gov/_dms/acrydata.html%20via. Accessed 2004
April.
Friedman M. 2003. Chemistry, biochemistry, and safety of
acrylamide. A review. Journal of Agricultural and Food
Chemistry 51:4504–4526.
Graf M, Amrein TM, Graf S, Szalay R, Escher F, Amado R.
2006. Reducing the acrylamide content of a semi-finished
biscuit on industrial scale. LWT Food Science and Technology
39:724–728.
IARC 1994. Some industrial chemicals. Monographs on
the evaluation of carcinogenic risk to humans. Lyon: IARC.
Vol 60.
Konings EJM, Baars AJ, van Klaveren JD, Spanjer MC, Rensen
PM, Hiemstra M, van Kooij JA, Peters PWJ. 2003. Acrylamide
exposure from foods of the Dutch population and an
assessment of the consequent risk. Food and Chemical
Toxicology 41:1569–1579.
Lineback D, Wenzl T, Ostermann OP, De La Calle B, Anklam E.
2005. Overview of acrylamide monitoring database. Journal of
AOAC International 88:246–252.
MAPA 2005. La alimentacio´n en Espan˜a. Madrid: Ministerio de
Agricultura, Pesca y Alimentacio´n.
Mottram DS, Wedzicha BL, Dodson AT. 2002. Acrylamide is
formed in the Maillard reaction. Nature 419:448–449.
Murkovic M. 2004. Acrylamide in Austrian foods. Journal of
Biochemical and Biophysical Methods 61:161–167.
OEHHA 2005. California Environmental Protection
Agency, Office of Environmental Health Hazard
Assessment. Available: www.oehha.org/prop65/law/pdf.zip/
Notice-%2012705eAltRiskrevised.pdf. Accessed 2005 June.
Ramı´rez-Jime´nez A, Garcı´a-Villanova B, Guerra-Herna´ndez E.
2000. Hydroxymethylfurfural and methylfurfural content of
selected bakery products. Food Research International
33:833–838.































RHM Technologies 2005. Presentation at the FSA process
contaminants meeting. April, London, UK.
Riediker S, Stadler RH. 2003. Analysis of acrylamide in food by
isotope-dilution liquid chromatography coupled with electro-
spray ionization tandem mass spectrometry. Journal of
Chromatography A 1020:121–130.
Rufian-Henares JA, Morales FJ. 2006. Determination of acryla-
mide in potato chips by a reversed-phase LC–MS method
based on a stable isotope dilution assay. Food Chemistry 97:
555–562.
Rufian-Henares JA, Delgado-Andrade C, Morales FJ. 2006.
Relationship between acrylamide and thermal-processing
indexes in commercial breakfast cereals: A survey of Spanish
breakfast cereals. Molecular Nutrition and Food Research
50:756–762.
Senyuva HZ, Go¨kmen V. 2005. Survey of acrylamide in Turkish
foods by an in-house validated LC–MS method.
Food Additives and Contaminants 22:204–209.
Senyuva HZ, Go¨kmen V. 2006. Interference-free determination
of acrylamide in potato and cereal-based foods by a laboratory
validated liquid chromatography–mass spectrometry method.
Food Chemistry 97:539–545.
Stadler RH, Blank I, Varga N, Robert F, Hau J, Guy PA, Robert
MC, Riediker S. 2002. Acrylamide from Maillard reaction
products. Nature 419:449–450.
Stadler RH, Robert F, Riediker S, Varga N, Davidek T,
Devaud S, Goldmann T, Hau J, Blank I. 2004. In-depth
mechanistic study on the formation of acrylamide and other
vinylogous compounds by the Maillard reaction. Journal of
Agricultural and Food Chemistry 52:5550–5558.
Tareke E, Rydberg P, Karlsson P, Eriksson S, To¨rnqvist M.
2002. Analysis of acrylamide, a carcinogen formed in heated
foodstuffs. Journal of Agricultural and Food Chemistry
50:4998–5006.
WHO 2002. FAO/WHO Consultation of the health implications
of acrylamide in food. Summary report of a meeting held in
Geneva, 25–27 June 2002. Available: http://www.who.int/fsf/
Acrylamide. Accessed 2005 June.
Yaylayan VA, Wnrowski A, Perez LC. 2003. Why asparagine
needs carbohydrates to generate acrylamide. Journal of
Agricultural and Food Chemistry 51:1735–1757.
Yusa V, Quinta G, Pardo O, Marti P, Pastor A. 2006.
Determination of acrylamide in foods by pressurized
fluid extraction and liquid chromatography-tandem mass
spectrometry used for a survey of Spanish cereal-based foods.
Food Additives and Contaminants 23:237–244.
Zyzak DV, Sanders RA, Stojanovic M, Tallmadge DH, Eberhart
BL, Ewald DK, Gruber DC, Morsch TR, Strothers MA, Rizzi
GP, Villagran MD. 2003. Acrylamide formation mechanism in
heated foods. Journal of Agricultural and Food Chemistry
51:4782–4787.










España  como  en  muchas  regiones  de  Latinoamérica,  aunque  recientemente  han 
experimentado  un  auge  en  China.  Consisten  en  una masa  compuesta  principalmente  por 




Este hecho,  junto a  la recomendación del Comité FAO/OMS de  investigar  la contribución a  la 
ingesta de contaminantes químicos de procesado en alimentos específicos de determinados 
hábitos alimenticios de grupos poblacionales, ha conducido a nuestro grupo de investigación a 
realizar  este  trabajo  con  objeto  de  evaluar  el  efecto  de  las  condiciones  de  fritura  sobre  el 
contenido de acrilamida e HMF en churros. 
 










fueron  aumentando  con  el  tiempo  y  la  temperatura.  Se  observó  un  periodo  de  inducción 
previo a la formación de estos compuestos que variaba en función de la temperatura de fritura. 
La  humedad  del  producto  se  redujo  a  medida  que  fue  aumentando  el  tiempo  de 
calentamiento,  independientemente de  la  temperatura. Al contrario de  lo que ocurre con el 
contenido de humedad, la temperatura tiene un efecto más determinante que la duración del 
proceso de  fritura  en  el  desarrollo del  color  en  el  producto.  Se observa un  descenso  en  la 
luminosidad  a  medida  que  la  temperatura  aumenta.  El  pardeamiento  del  producto  es 
       102 
atribuible a  la  formación de pigmentos  coloreados en  la  superficie del alimento durante  las 
etapas avanzadas y finales de la RM.  
 
Paralelamente,  se  analizaron  los  niveles  de  acrilamida  e HMF,  en  10 muestras  comerciales 
adquiridas en diferentes churrerías de la Comunidad de Madrid, y se obtuvieron promedios de 






formación  de  acrilamida  e  HMF  en masas  fritas,  y  con  ello  de  las  posibles  alternativas  de 
mitigación.  
 
Este  trabajo ha  sido publicado en  la  revista Food Chemistry bajo el  título “The  formation of 
potentially harmful  compounds  in  churros, a  Spanish  fried‐dough pastry, as  influenced  by 
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Food Chemistry 109 (2008) 421–425The formation of potentially harmful compounds in churros, a
Spanish fried-dough pastry, as influenced by deep frying conditions
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Received 9 August 2007; received in revised form 19 November 2007; accepted 18 December 2007Abstract
Colour, moisture, hydroxymethylfurfural (HMF) and acrylamide (AA) were investigated in traditional Spanish churros. Samples were
deep-fried in sunflower oil at lab-scale temperatures of 180, 190 and 200 C and for frying times of 2, 3, 5 and 7 min. Fresh made churros
were also obtained from local producers. HMF ranged from 1.2 ± 0.02 to 221.4 ± 2.02 mg/kg for lab-scale experiments and an average
of 74.3 ± 47.5 mg/kg was recorded in commercial samples. AA ranged from below the limit of quantitation to 90 ± 0.6 lg/kg for lab-
scale experiments and an average of 46 ± 24.5 lg/kg was measured in commercial samples. Temperatures between 185 and 200 C are
commonly used to obtain churros with an acceptable palatability and a crispy surface. However, HMF and AA levels increased nearly
two-fold from 190 to 200 C at the same frying times, indicating that a more precise control of frying temperatures is required to min-
imize their formation.
 2007 Elsevier Ltd. All rights reserved.
Keywords: Maillard reaction; Fried dough; Hydroxymethylfurfural; Acrylamide; Colour; Churro1. Introduction
Churro is described as a deep-fried dough pastry which is
very popular in Spain for breakfasts and snacks. The dough
is prepared with wheat flour, water and salt, extruded and
deep-fried as strips using sunflower oil as frying oil. Frying
temperatures between 185 and 200 C and frying times of
3–4 min are usually applied to obtain a crispy product. But
the end point of this process, when fried-dough portions
are removed manually from the fryers is not automatised.
Generally, colour and crust formation are used as end point
markers of the process but there is no specific information in
any literature which discusses this fact.
The Maillard reaction (MR) is a complex chain of chem-
ical reactions responsible for the brown colouring and many
of the organoleptic properties of foods.Despite the beneficial
impact of MR in the sensory appreciation of foodstuffs by
consumers, nutritional consequences such as the impairment0308-8146/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.foodchem.2007.12.042
* Corresponding author. Tel.: +34 91 549 23 00; fax: +34 91 549 36 27.
E-mail address: fjmorales@if.csic.es (F.J. Morales).of lysine residues and the formation of potentially harmful
compounds are to be expected (i.e. Friedman, 1996). The
Maillard reaction has been shown to generate AA in ther-
mally treated foods (Mottram, Wedicha, & Dodson, 2002;
Stadler et al., 2002) and it is agreed that the main precursors
are sugars and asparagine (Zyzak et al., 2003). AA has been
classified as potentially carcinogenic to humans by IARC
(1994). Hydroxymethylfurfural (HMF) is formed after 1–2
enolisation, dehydration and cyclization reactions from
sugar caramelisation and Amadori product degradation at
the advanced stage of the MR (i.e. Friedman, 1996; Kroh,
1994). Recently, some concern has arisen regarding the tox-
icological relevance of HMF, since in vitro studies of geno-
toxicity and mutagenicity have given controversial results
(Janzowski, Glaab, Samimi, Schlatter, & Eisenbrand,
2000; Surh & Tannenbaum, 1994).
International organisations aim to evaluate exposure
and risk assessment from dietary intake of AA, and two
databases, one from the IRMM and another from the
FDA, have been designed to compile results from laborato-
ries. However, levels of AA in local foods which are largely
422 F.J. Morales, G. Arribas-Lorenzo / Food Chemistry 109 (2008) 421–425consumed in specific regions are lacking in most databases.
Recently, Bermudo, Moyano, Puignou, and Galceran
(2006) and Yusa, Quintas, Pardo, Marti, and Pastor
(2006) reported average levels of 400 lg/kg for one fried
dough but the number of samples included in those studies
was limited and not characterised.
In contrast, levels of HMF in different foods have been
extensively studied and published for decades. HMF has
been used traditionally to mark the extent of the MR,
product deterioration during storage, and as a marker of
potential adulteration. HMF is largely present in processed
foods ranging from 0.9 mg/kg to several g/kg for meat
products and caramel products, respectively (Bachmann,
Meier, & Ka¨nzig, 1977). However, HMF levels in churros
have never been published, and only Ramirez-Jimenez,
Garcia-Villanova, and Guerra-Hernandez (2000) reported
levels of about 10.7 mg/kg HMF in a type of fried dough-
nut (160 C for 30–40 s).
This investigation is aimed at studying the formation of
AA and HMF in churros, on a laboratory scale under con-
trolled deep frying conditions.
2. Materials and methods
2.1. Chemicals
All chemical used were of an analytical grade and were
obtained from Sigma–Aldrich (St. Louis, MO, USA),
unless mentioned otherwise. 13C3-Acrylamide (isotopic
purity 99%) was from Cambridge Isotope Labs (Andover,
MA, USA). Methanol and acetonitrile (HPLC grade) were
from Scharlau (Barcelona, Spain). Oasis-HLB cartridges
(30 mg, 1 mL) were from Waters (Milford, MA, USA).
2.2. Samples and frying conditions
Fresh made commercial churros were randomly pur-
chased at local producers (n = 10). For kinetic studies under
controlled frying conditions, frozen commercial ready-to use
dough for churroswasobtained froma local producer (Anto-
nio y Ricardo, S.A., Madrid, Spain) and stored at 20 C.
The dough was allowed to defrost overnight at 8–12 C
before use. Dough strips 1.2 cm thickwere rolled out to form
a ribbon 10–11 cm length and 5.5–6.0 cm wide, and deep-
fried at 180, 190 and 200 C for 2, 3, 5 and 7 min in 3 l capac-
ity domestic fryers (Solac, Model 513, 1850 watts, France).
Experiments were done in triplicate. Four units of churros
(containing 20–23 g of dough per unit) were placed in the
basket to allow free movement but never below the oil sur-
face during frying. The sample was turned every minute dur-
ing the frying time. The sample:oil ratio was kept constant
within a range of 0.025–0.030 g/g. High oleic content sun-
flower oil was used as frying oil as this oil is commonly used
on an industrial scale. The temperature of the fryers hadbeen
calibrated previously, with external thermocouples (type K,
0.1 mm) being placed in the fryers and the temperature being
continuously recorded by a datalogger. The oil was pre-heated at the selected temperature for 15 min and after eigh-
teen frying sessions the oil was discharged.After frying, sam-
ples were dried on paper, cooled to room temperature,
processed, distributed in containers and stored at 20 C
for analysis.
2.3. Moisture content
The moisture content was determined by a gravimetric
method as described in AOAC-925.10 (AOAC, 1995).
Samples were homogenized in a household cutter (Mouli-
nette, Moulinex, Paris, France) and 2 g weighed into Cho-
pin dishes. They were dried in a convection oven (Digiheat,
JP-Selecta, Barcelona, Spain) till they reached a constant
weight after three consecutive readings at 105 ± 1 C.
Analyses were carried out in duplicate.
2.4. Analysis of HMF and furfural
HMF and furfural determinations were performed
according to Rufia´n-Henares, Delgado-Andrade, and Mor-
ales (2006).
2.5. LC-ESI-MS determination of acrylamide
A sample preparation as described by Senyuva and
Go¨kmen (2006) was used with minor modifications. A
finely ground sample (0.450 g) was then weighed into a
10 mL centrifuge tube. The sample was spiked with
100 lL 13C3-labelled acrylamide (10 lg/mL) for recovery,
and 5 mL of Milli-Q water was added. Then the mixture
was vortexed, kept for five minutes at room temperature
and subsequently homogenized for 1 min (Ultraturrax).
Then, 500 lL Carrez I and 500 lL Carrez II solution were
added, vortexed and left to stand for 10 min. Tubes were
centrifuged at 5000 rpm for 15 min at 4 C. The clear
supernatant (1 mL) was clarified onto a pre-conditioned
HLB cartridge. The first drops were discharged and the rest
of the eluate was collected in amberlite vials for analysis.
LC-ESI-MS analyses were performed as described by
Morales, Rufian-Henares, and Arribas-Lorenzo (2007)
using an Agilent 1100 HPLC system (Waldbronn, Ger-
many) consisting of a quaternary pump, an autosampler
and a temperature-controlled column oven, coupled to an
Agilent 1100 MS detector equipped with an electrospray
ionization interface. The analytical separation was per-
formed on an Inertsil ODS-3 column (250  4.6 mm,
5 lm) using an isocratic mixture of 0.2% aqueous solution
of formic acid at a flow rate of 0.6 mL/min at 25 C. Data
acquisition was performed, with a delay time of 8 min, in a
selected ion monitoring (SIM) mode using the following
interface parameters: a drying gas (N2, 100 psig) flow of
12 L/min, nebulizer pressure of 45 psig, drying gas temper-
atures 350 C, a capillary voltage of 3 kV and a fragmenter
voltage of 70 eV. Monitored ions were 72.1 m/z for acryl-
amide and 75.1 m/z for 13C3-labeled acrylamide. Full scan
analyses were performed in the mass range 50–200 for the
F.J. Morales, G. Arribas-Lorenzo / Food Chemistry 109 (2008) 421–425 423spectral identification of acrylamide in samples apart from
the retention time. An acrylamide calibration curve was
built in the range of 2–100 lg/L and a quantitation limit
was determined at 18 lg/kg.
2.6. Colour determination
Colour was measured as reflectance in a Konica Minolta
CM-3500d reflectance spectrophotometer (Konika Minolta
Sensing INC, Japan) using the CIE Lab colour system,
where L* is lightness, the a* parameter is redness and the
b* parameter yellowness (CIE Colorimetric Committee,
1974). Samples (3 g) were defatted three times with hexane
(6 mL). Colour was measured in defatted samples to avoid
any interference with oil absorbed components on the
churro surface. The colour difference (DE) between pro-
cessed and unprocessed samples was determined according
to the following equation:
DE ¼ ðDL2 þ Da2 þ Db2Þ1=2
DL* being the brightness difference, Da* the redness differ-
ence and Db* the yellowness difference (Francis & Clydes-
dale, 1975). Results give the average from six readings.
2.7. Statistical Analysis
Analyses were performed using Statgraphics Plus, ver-
sion 5.1, 2001 (Statistical Graphics Corp, Rockville, MD,
USA). At least, two independent analyses were carried
out per sample.
3. Results and discussion
Deep frying at 190 C for 3–4 min is usually applied by
local producers based on their practical experience since
the process has not been automatised and still remains arti-




















Fig. 1. Changes in the moisture content of churros during deep frying at
different times and temperatures.churros deep-fried at different combinations of tempera-
tures (180, 190, and 200 C) and time of frying (2, 3, 5
and 7 min). The loss of moisture is progressive relative to
the frying time. When fried for the same length of time,
the frying temperature was seen to have no significant
impact on moisture content. However, lengthening the fry-
ing time proved critical regardless of the temperature.
Moisture content ranged from 32% to 10–5% for 2 min
and 7 min, respectively. During deep frying, the quantity
of steaming water released from within the sample was
determined by the frying conditions. Commercial churros
are fried at high temperatures for a short period of time
to avoid excessive oil penetration in the product and served
a few minutes after frying to avoid subsequent hydration.
Moisture content in freshly prepared industrial samples
was 25.3 ± 4.8 (n = 10).
One of the most important physical changes during fry-
ing of churros is the darkening of the crust which is mainly a
consequence of the MR. CIE-Lab* colour parameters were
measured in defatted and ground portions of a sample to
prevent a false reading produced by oil incorporated into
the sample. In a cross-section, a brown surface ring of
crust can be observed but the core still remains pale
yellow and moist. The surface of the sample was neither
uniform nor large enough to perform precise and represen-
tative readings. Furthermore, as it was not possible to
remove the surface efficiently, the whole sample was ground
and colour readings are related to the whole sample.
Fig. 2 depicts the evolution of the colour index for chur-
ros deep-fried at lab-scale. Contrary to what happened with
moisture content, temperature has a more critical effect on
the final colour than the processing time. Decrease in light-
ness is attributed to the formation of coloured pigments
during the advanced and final stages of the MR in the crust
and this process is enhanced at 200 C. An average DE-
value of 67.0 ± 2.8 (n = 10) was obtained in commercial

















Fig. 2. Total colour changes (DE) in churros during deep frying at




















Fig. 4. Acrylamide formation in churros during deep frying at different
times and temperatures.
424 F.J. Morales, G. Arribas-Lorenzo / Food Chemistry 109 (2008) 421–425obtained was 4.1%, thus indicating that the final colour of
the product is one of the most important parameters for
defining the end of the frying process by local producers.
Accumulation of HMF was quantitatively more impor-
tant when compared with furfural whose traces (<1 mg/kg)
were barely detectable under severe frying conditions.
Fig. 3 shows the evolution of HMF formation in churros
during deep frying under controlled conditions. Before
HMF formation, a lag-phase of up to 3 min can be clearly
observed and is more relevant at lower temperatures. HMF
marks the advanced stage of the MR and precursors should
have formed previously. The average HMF content in
commercial samples was 74.3 ± 47.5 mg/kg (n = 10) indi-
cating an important variability among samples. Furfural
was not detected in commercial samples. Results agree with
the range of HMF obtained at laboratory scale. HMF for-
mation was closely related to moisture content increasing
exponentially at moisture levels lower than 10% (data not
shown).
To our knowledge, there are no published results deal-
ing with the AA content of churros and the influence of fry-
ing conditions. Fig. 4 plots the formation of AA in churros
for different frying times and temperatures. AA only
formed under the most severe frying conditions where an
induction period of from 3 to 5 min, depending on the fry-
ing temperature, was observed. Frying temperature has a
critical effect on the formation of AA. In the range of fry-
ing times commonly used by local producers, an increase
of just 10 C implies a two-fold increase in the levels of
AA. For potato chips, a reference temperature of 175 C
has been calculated, but a higher temperature is necessary
for churros in order to meet the product quality demanded
by consumers. The average AA content in commercial
samples was 46 ± 24.5 lg/kg (n = 10). In this investigation,
potential AA formed from frying oil and incorporated into
the sample was not considered since it has recently been

















Fig. 3. HMF formation in churros during deep frying at different times
and temperatures.contaminate foodstuffs with AA (Totani, Yawata, Takada,
& Moriya, 2007).
HMF and AA content of deep-fried samples at lab-scale
were correlated (Fig. 5). For both chemicals, an induction
period was observed after which the formation of HMF
and AA followed the same upward trend reaching values
of about 90 mg/kg, and 60 lg/kg for HMF and AA, respec-
tively. Optimal quality features for churros lie in this inter-
mediate region of the graph. However, under more severe
frying conditions, the two trends are modified and the
reduced gradient of HMF formation is enhanced in com-
parison with that of acrylamide (Fig. 5, dotted line). This
region consisted of over-processed churroswhere loss of col-
our quality by excessive darkening was noticeable. It is also
plausible that evaporation loss or destruction of acrylamide
at 200 C becomes more relevant and subsequently the net



















Fig. 5. The relationship between acrylamide and HMF in lab-scale
samples deep-fried under controlled conditions.
F.J. Morales, G. Arribas-Lorenzo / Food Chemistry 109 (2008) 421–425 425200 C cause excessive moisture loss and browning resulting
in a loss of product quality.
Dehydration of the surface while maintaining a moist
interior imparts a desirable taste and texture to churros
but also involves MR and subsequently HMF and AA
formation. Frying temperatures between 185 and 200 C
are commonly used to produce highly palatable churros
with a crispy surface by local producers, but, HMF
and AA levels nearly duplicate from 190 C to 200 C
for the same frying times. It is critical to determine the
end point of the frying process to minimise the forma-
tion of potentially harmful compounds in churros. Based
on this experimental data, it should be possible to man-
ufacture churros with reduced levels of AA and HMF by
controlling the frying temperature and subsequently
reducing their contribution to the dietary intake of the
Spanish population.Acknowledgements
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El objetivo de este  trabajo es  investigar el efecto de  los compuestos  fenólicos del aceite de 
oliva así como el aceite termoxidado en la formación de acrilamida.  
 
Para  llevar  a  cabo  dicho  propósito  se  prepararon  sistemas modelo  de  galletas  a  escala  de 
laboratorio los cuales contenían aceite de oliva virgen de baja, media y alta concentración de 
compuestos  fenólicos.  Paralelamente,  también  se  elaboraron  galletas  con  aceite  de  girasol 
previamente termoxidado en condiciones controladas. Los sistemas fueron horneados a 190 ºC 
durante diferentes tiempos. La técnica analítica empleada para la determinación de acrilamida 
fue  LC‐MS.  Adicionalmente,  se midieron  otros  parámetros  como  el  color,  la  humedad,  la 
capacidad antioxidante, así como el contenido en HMF, entre otros. 
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foods:  possible  health  implication  (Smolenice,  Eslovaquia,  2008)  como  comunicación  oral. 
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título “Acrylamide  formation  in a cookie system as  influenced by the oil phenol profile and 
degree of oxidation”. 
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Abstract The purpose of this study was to investigate the
effect of the olive oil phenolic compounds as well as of
thermoxidised oil on the formation of acrylamide in a
cookies system. Three virgin olive oils having different
phenolic profile and a thermoxidised sunflower oil were
selected. Cookies were baked at 190 C for different times
(8–16 min) following a basic recipe where type of oil was
the variable. Additionally to acrylamide (AA), other
parameters such as colour, moisture, antioxidant activity
(AOA), and hydroxymethylfurfural (HMF) were measured.
Results showed that concentration and composition of
phenolic moiety of virgin olive oil significantly affect the
acrylamide formation, particularly at prolonged baking
time. Virgin olive oil with a higher dihydroxy/monohy-
droxy ratio was more efficient in the AA mitigation and
AA was reduced up to 20%. Colour and AOA were not
significantly different among the three types of oils.
However, AA is dramatically increased when thermoxi-
dised oil is used with a parallel increase of browning and
HMF. It was concluded that lipid oxidation products should
be considered as an important factor in acrylamide for-
mation during baking of fat-rich products.
Keywords Acrylamide cookie  Olive oil 
Sunflower oil  Phenolic compounds  Thermoxidation 
Carbonyl compounds
Introduction
Acrylamide (AA) monomer which is responsible of ner-
vous system damage [1], may act as a carcinogenic [2] and
mutagenic compound [3]. AA has been classified by the
International Agency for Research on Cancer (IARC) as
probably carcinogenic to humans [4]. AA is naturally
formed mainly in carbohydrate rich foods during thermal
treatment [5]. According to the most recent data, average
human intake is estimated to be 0.4 lg/kg bw/day from
2 years of age onwards [6]. However, the intake may vary
widely from 0.3 to 2 lg/kg bw/day or may reach even
5 lg/kg bw/day at the 99th percentile [6]. The main food
commodities contributing to the AA exposure were French
fries, potato crisps, coffee, biscuits and bread, while others
food items contributed less than 10% of the total exposure
[7]. All in all, the discovery of AA as new heat-induced
toxicant in foodstuffs led to a public health concern and
different National and International bodies aimed activities
for risk evaluation.
Reducing sugars and asparagine are the most important
precursors in the formation of acrylamide in foods linked to
the Maillard reaction (MR) through the decarboxylation of
the Schiff base in a Strecker-type reaction [8, 9]. Another
possible, although secondary pathway reported for acryl-
amide formation is from lipid oxidation, triacylglycerols
can hydrolyse to glycerol, forming acrolein from the
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thermal degradation which is a precursor of acrylamide [8,
10]. Acrylic acid may also rise from the oxidation of
acrolein which can be found in the thermal degradation of
lipids [11].
Due to the current interest of AA formation in cooked
foods, several studies have been carried out in order to
minimise its concentration in different food categories.
Most effective approaches to be implemented at industrial
scale have been compiled by the CIAA who developed a
guide called Acrylamide Toolbox [12]. Recent investiga-
tions indicated that antioxidant compounds could be an
effective tool to inhibit acrylamide production [13–15], but
opposite evidence about the effect of antioxidant on
acrylamide formation have also been reported. For
instance, Tareke [16] found that the addition of antioxi-
dants (butylated hydroxytoluene, sesamol, vitamin E) to
meat before heating enhances the formation of acrylamide.
This author hypothesised that antioxidants might protect
acrylamide from further radical-initiated reactions. Vattem
and Shetty [17] reported that formation of acrylamide in
fried potato slices previously treated with phenolic anti-
oxidants from cranberry and oregano increased when
exogenous phenolic is present. Rydberg et al. [18] mixing
in homogenised potato ascorbyl palmitate and sodium
ascorbate, as well as oxidants such as benzoyl peroxide and
hydrogen peroxide, found that the effect on acrylamide
content is small or nonexistent.
It is well known that MR and lipid oxidation are inter-
related and the products of each reaction influence the
development of the other. Recent findings from model
system suggested that some lipid oxidation products can
affect acrylamide formation [19]. But, studies on the
influence of oxidised oil on acrylamide formation in food
are scarce and mainly refer to French fries or potato crisps
during the frying process [20]. Also, emulsions with
acrylamide have been used to study the effect of the oxi-
dised oil [21], but no studies have been carried out about
the influence of thermoxidised oil as food constituent,
particularly during baking of cookies. Indeed, recent papers
dealing with acrylamide formation in baked products
did not consider the variable of fat oxidation or fat
oxidizability [22, 23].
In a previous study, we showed the relationship between
the concentration of ortho-diphenolic compounds of the
frying olive oil and acrylamide formation in potato crisps
[24]. These phenolic compounds with antioxidant proper-
ties in virgin olive oil [25], demonstrated to be also
effective in reducing the heterocyclic amines formation in
meat [26]. Based on this knowledge, the main objective of
this work was to investigate the effect of the oil compo-
sition on the acrylamide formation in a cookie system
where oil is a part of the formulation. For this purpose,
three virgin olive oils containing different profile of




All chemicals used were of analytical grade and were
obtained from Sigma-Aldrich (St. Louis, MO, USA),
unless mentioned otherwise. 13C3-Acrylamide (isotopic
purity 99%) was from Cambridge Isotope Labs (Andover,
MA, USA). Methanol and acetonitrile (HPLC grade) were
from Scharlau (Barcelona, Spain). Potassium hexacyano-
ferrate, zinc sulphate, formic acid (98%) were of analytical
grade and obtained from Panreac (Barcelona, Spain). Ultra
pure water was used throughout the experiments (Milli-Q
system, Milliporem Bedford, MA, USA). Oasis-HLB car-
tridges (30 mg, 1 mL) were supplied by Waters (Milford,
MA, USA). Glass vials with septum screw caps were
supplied by Agilent Technologies (Wilmington, DE, USA).
Wheat flour, salt and sugar were sourced from local pro-
ducers in Italy.
Methods
Dough preparation and baking conditions
The recipe of the model cookies was prepared according to
Go¨kmen et al. [22] with some modifications. Recipes were
formulated with 80 g wheat flour, 1 g salt, 17 g deionised
water, 24 g oil, 1.2 g sodium bicarbonate and 35 g sugar.
Recipes were identified according to the composition of the
oils. The ingredients were thoroughly mixed, and dough
was rolled out to discs with 5 cm of diameter and 2 mm of
thickness using a manual laminator (Imperia, Lusso, sp 150
model, Bologna, Italy). In each trial, four cookies were
prepared and baked at 190 C for 8, 10, 12, 14 and 16 min
in an oven without air convection (Rex, Electrolux,
Pordenone, Italy). After baking, the samples were photo-
graphed, grinded and stored (Laboratory Blender, Waring
Commercial, Torrington, USA). Two complete indepen-
dent trials of baking were carried out to investigate the
effect of phenolic compounds content and three indepen-
dent trials were carried out for the experiment with
thermoxidised oil.
Oil samples
Three different olive oils (VO) were used in the baking
experiments: a refined olive oil purchased at local market
with low phenolic compounds (LO, control), a virgin olive
oil (from Olea europaea cv. Coratina) with intermediate
64 Eur Food Res Technol (2009) 229:63–72
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content in phenolic compounds (IO) and virgin olive oil
(from Olea europaea cv. Ravece) rich in phenolic com-
pounds (HO). The two virgin olive samples showed values
of free acidity (0.1 and 0.2 g/100 g, respectively) peroxide
number (10 and 13 mEqO2/kg, respectively), and spectro-
photometric indices (K232, K270 and DK) within the limits
for extra VOs as defined by EC Regulation (CE) 1989/2003
relative to the characteristics of olive oils, olive pomace
oils, and related analytical methods.
Thermoxidised oil (TXSO) was prepared from sun-
flower oil (CSO, control). Sunflower oil (100 g) was
weighed out in two open beakers and heated at 180 C for
17 h in an oven (Memmert, Hannover, Germany). Both,
control oil no-heating and oxidised oil, were used to pre-
pare the dough. The degree of oxidation was measured as
the peroxide value, determined by the standard iodometric
method, according to the AOCS Official method Cd 8-53
[27]. The sunflower oil lipid peroxidation was determined
by thiobarbituric acid reaction (TBA test). TBARS value
was measured according to Fee and Teitelbaum [28].
Briefly, 1 g oil was mixed with 5 mL of distilled H2O and
5 mL of hexane, vortexed, and the precipitate was removed
by centrifugation at 1,800g for 10 min. After the addition
of 1.5 mL of 0.6% (w/v) TBA, the supernatant was mea-
sured at 532 nm using a malondialdehyde (MDA) standard
curve.
Extraction of phenolic compounds from virgin olive oil
Extraction of phenolic compounds was performed accord-
ing to the method of Cortesi et al. [29]. Briefly, olive oil
(50 g) was dissolved in hexane (50 mL), and polar com-
pounds were extracted with methanol/water (3:2, v/v,
3 9 30 mL). The final extract was washed with hexane
(50 mL), and then the solvent was evaporated under
reduced pressure at 40 C. The residue obtained was
weighed, dissolved in methanol, filtered through 0.2 lm
filters (Amicon, Boca Raton, Florida), and used for deter-
mination of total phenolic compounds, HPLC separation,
for LC–MS analysis.
Determination of tocopherol and total phenolic compounds
content
The amount of phenolic compounds was given as gallic
acid equivalents and determined according to the Folin-
Ciocalteu method [30]. Briefly, 2.5 mL of Folin-Ciocalteu
reagent, diluted tenfold in water, was added to the different
virgin olive oils. The mixture was incubated for 2 min at
room temperature, and 2 mL of sodium carbonate was
added. The mixture was incubated for 15 min at 50 C and
finally cooled in a water-ice bath. The specific absorbance
at 760 nm was immediately measured. Tocopherol content
was determined according to Psomiadou et al. [31].
LC–MS analysis of virgin olive oils phenolic extracts
Virgin olive oils phenolic compounds were tentatively
identified by LC–MS, as previously described [32]. HPLC
runs were performed on a Shimadzu instrument configured
with two LC-10AD pumps and a SLC10 A control system.
Phenolic compound separation was performed on a Biosil
C18 HL 90-5S column (5 lm, 4.6 9 150 mm) (Bio-Rad,
Hercules, CA, USA). MS analysis was carried out on an
API-100 single quadrupole mass spectrometer (Applied
Biosystems, Foster City, CA, USA) equipped with an
atmospheric pressure chemical ionisation (APCI) ion
source.
The instrument used nitrogen as curtain gas and air to
dry the ion spray. Preliminary experiments were also per-
formed using an electrospray ion source (ESI). The HPLC
equipment was connected to the described above using
a flow rate of 0.8 mL/min. Ionisation was achieved at a
temperature of 70 C using a probe voltage of 4.8 kV and a
declustering potential of 70 V. The mass-to-charge ratio
scale was calibrated with the ions of ammonium adduct of
polypropylene glycol. Full-scan spectra were acquired
from 100 to 800 atomic mass units (amu) using a step size
of 0.5 amu and a dwell time of 2 ms. Single ion monitoring
(SIM) was performed simultaneously for four ions: 305,
321, 363 and 379 amu corresponding to the molecular ions
(MH?) of the main phenolic compounds and to 357 for
pinoresinol. In these experiments, a 500 ms dwell time was
selected. Quantitative determination of secoiridoid com-
pounds was obtained using a calibration curve constructed
with oleuropein as standard; pinoresinol was quantified
using a calibration curve obtained with pure standard.
LC–ESI–MS determination of acrylamide
Powdered sample (0.450 g) was weighed and mixed with
5 mL water in polypropylene centrifugal tubes. Mixture
was spiked with 100 lL of a 10 lg/mL [13C3]-acrylamide
methanolic solution as internal standard and later homog-
enised (Ultra Turrax, IKA, Mod-T10 basic, Germany) for
1 min. Afterwards, sample was treated with 750 lL of each
Carrez I and Carrez II solutions and centrifuged (9,000g for
10 min) at 4 C. For sample clean up, Oasis-HLB car-
tridges were used. Cartridges were preconditioned with
1 mL methanol and 1 mL water. An aliquot of the clear
supernatant (1 mL) was loaded onto the cartridge at a flow
rate of 2 mL/min and first drops were discharged and the
rest collected. Solution was filtered through a 0.45-lm
filter into an amberlite LC–MS vial.
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LC–ESI–MS analysis were performed as described by
Rufian-Henares et al. [33] with minor modifications [34]
using an Agilent 1100 liquid chromatograph coupled to an
Agilent Quadrupole MS detector (Agilent Technologies,
Palo Alto, CA, USA). Analytical separation was achieved
with an Inertsil ODS-3 column (25 9 0.46 cm, 5 lm)
(GLC-Sciences, Tokyo, Japan) at 32 C. Isocratic elution
was achieved with a mobile phase of 0.2% formic acid in
water at a flow rate of 0.6 mL/min. Electrospray ionisa-
tion in the positive ionisation mode was used. The MS
detector operated in selected ion monitoring (SIM) mode
at m/z ratios of 72.1 and 75.1 for acrylamide and [13C3]-
acrylamide, respectively. A delay time of 8 min was
selected to avoid the introduction of co-extracted matrix
components into the MS instrument prior acrylamide
elution. The needle and cone voltages were set at 3.0 kV
and 100 V, respectively. Nitrogen was used as nebulizer
gas (12.0 L/h) and the source temperature was set at
300 C. Acrylamide was quantified using a linear cali-
bration function that was established with standard
solutions of acrylamide and [13C3]-acrylamide in Milli-Q
water (5–100 lg/L). Acrylamide contents in sample
extracts were calculated from the calibration slope and
intercept value, taking into account the recovery calcu-
lated by means of [13C3]-acrylamide slope. The limit of
the quantitation was set at 20 lg/kg. Precision (repro-
ducibility) was lower than 12% and recovery between 84
and 109%. Recently, CSIC laboratory has participated in
an EU validation study of IRMM (2008) for the deter-
mination of acrylamide in potato crisps with satisfactory
results (z-score, -0.5). Additionally, a reference material
(crispbread) from Proficiency test 3018 from FAPAS
(Central Science Laboratory, UK) was used, assigned
value was 101 lg/kg and reported value was 103 lg/kg
being satisfactory. The analysis is integrated within
the scope of a certified laboratory controlled by
AENOR (Spanish Association for Standardisation and
Certification).
HPLC determination of HMF
HMF determination was based on the method of Garcia-
Villanova et al. [35] with slight modifications. Ground
sample (500 mg) was suspended in 5 mL of deionised
water clarified with 0.25 mL each of potassium ferrocya-
nide (15% w/v) and zinc acetate (30% w/v) solutions. The
resulting mixture was centrifuged at 4,000 rpm for 10 min
at 4 C. The supernatant was collected and two further
extractions were performed using 2 mL of deionised water.
The extracts were filtered (0.45 lm) and analysed by
HPLC (Shimadzu, Kyoto, Japan). The mobile phase was a
mixture of acetonitrile in water (5% v/v) at a flow rate of
1 mL/min under isocratic conditions and a Synergy 4 lm
Hydro-RP 80A, 25 9 4.6 cm (Phenomenex) column. The
UV detector was set at 280 nm and HMF was quantified
using the external standard method within the range 0.025–
75 mg/L. The limit of detection of the method was
0.010 mg/L while the reproducibility in cookies was 1.50%
(CV). All the analyses were performed in triplicate and the
results expressed as mg/kg sample.
Antioxidant activity assay
ABTS, 2,20-azinobis(3-ethylbenzothiazoline-6-sulphonic
acid), assay for insoluble samples was carried out accord-
ing to Serpen et al. [36]. The antioxidant capacity was
expressed as Trolox equivalent antioxidant capacity
(TEAC) which is defined as the amount of Trolox (mmol)
necessary to obtain the same antioxidant capacity.
Moisture content
The moisture content was determined by a gravimetric
method as described in AOAC-925.10 [37]. Samples
(*1 g) were weighed accurately into a test tube and they
were dried until constant weight in oven at 105 C. The
experiment was carried out in duplicate.
Colour determination
Colour of baking cookies has been measured in units
L*a*b* using a Konica Minolta CM-3500d reflectance
spectrophotometer (Konika Minolta Sensing INC, Japan).
L*a*b* is an international standard for colour measure-
ments, adopted by the Commission Internationale
d’Eclairage (CIE) [38] in 1974. L* is the luminance or
lightness component, which ranges from 0 to 100, and
parameters a* (from green to red) and b* (from blue to
yellow) are the two chromatic components. The colour (E)
was determined according to the following equation:
E ¼ L2 þ a2 þ b2
 1=2
L* being the brightness, a* the redness and b* the
yellowness [39]. The instrument was calibrated each time
with a white and a black ceramic plate. Each sample was
scanned twice in three different places.
Statistical analysis
Data were analysed using Microcal Origin, version 7.5
(Origin Lab Corp, Massachusetts, USA). Values were
presented as means ± SD. Differences with P \ 0.05 were
considered statistically significant using Tukey test.
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Results
Characterisation of virgin olive oil phenolic compounds
and influence on formation of acrylamide
Three types of virgin olive oils (VO) were selected
according to their content in phenolic compounds and
classified according to their total phenolic profile by
LC–MS in high (HO), intermediate (IO) and low (LO)
content as reported in Table 1. Recorded values agreed
with previous findings reported for Italian VO [24]
being oleuropein (3,4 DHPEA-EA), ligstroside aglycon
(p-HPEA-EA), the dialdehydic form of enolic acid
linked to hydroxityrosol (3,4-DHPEA-EDA) and tyrosol
(p-HPEA-EDA) the main detectable compounds. HO had
twofold more phenolic compounds than the IO, and also a
higher ratio dihydroxy/monohydroxy derivates. LO, which
is a refined olive oil, had a concentration of phenolic
compounds of less than one-tenth with respect to the ori-
ginal virgin oil. On the other hand, tocopherol content was
not significantly different among samples being 201, 215
and 197 mg/kg in the HO, IO and LO, respectively.
LO, IO, and HO were used in the formulation of three
cookie dough to investigate the effect of the olive oil
phenolic profile on the formation of acrylamide during
baking. Changes in acrylamide in the three recipes for-
mulated with different oils were shown in Fig. 1. As
expected, acrylamide increased with the time of baking for
all the recipes in agreement with literature [40, 41], and no
significant differences among recipes were found for short
baking times. However, acrylamide levels were signifi-
cantly higher in LO system when prolonging the baking
time up to 16 min reaching a moisture content about 3.5%.
As expected, moisture content decreased (from 7.0 to
3.5%) as baking time increased (from 8 to 16 min), but no
significant differences were noticed among recipes. At
16 min of baking, formation of acrylamide was higher
(805 lg/kg) in recipe LO than in the recipe formulated
with HO (637 lg/kg), thus a reduction of 20% was noticed.
The effectiveness of VO on the reduction of AA was
quantitatively correlated with the content of phenolic
compounds as showed in Fig. 2. There was an inverse
linear relationship between the total phenolic compounds
content and ortho-diphenolic content with AA in cookies
baked for 16 min. The response (slope) for ortho-diphen-
olic compounds (-0.5504, r = 0.9956) was double than
total phenolic compounds (-0.2438, r = 0.9998) showing
that ortho-diphenolic could be one of the key contributing
substances in the acrylamide reduction.
Effect of thermoxidised oil on the formation
of acrylamide
Sunflower oil was used for the thermoxidation experiment
since virgin olive oil has a higher resistance towards lipid
oxidation [42]. Thus, two types of oils were used; TXSO
(thermoxidised sunflower oil) and CSO (control sunflower
oil). Peroxide values were 33.5 and 1.8 meq O2/kg for
TXSO and CSO, respectively. TBARS was 1.98 nmol
Table 1 Main phenolic compounds (mg/kg) in the three virgin olive oils used in the different cookie recipes determined by LC–MS
Sample 3,4-DHPEA-EDA 3,4 DHPEA-EA p-HPEA-EDA p-HPEA-EA Pinoresinol Total phenolic Dihydroxy/monohydroxy
HO 226 81 148 32 227 714 1.7
IO 80 46 111 26 104 367 0.9
LO 5 n.d. 10 n.d. 10 25 0.5
Total phenolic content is given as sum of the single compounds. In the last column the ratio between dihydroxy and monohydroxy secoiridoids is
reported. Total phenolic content was expressed as gallic acid equiv (mg/kg)
LO low phenolic compounds content oil; IO intermediate phenolic compounds content oil; HO high phenolic compounds content oil; 3,4-
DHPEA-EDA dialdehydic form of elenolic acid linked to hydroxytyrosol; 3,4 DHPEA-EA oleuropein aglycon; p-HPEA-EDA dialdehydic form
























Fig. 1 Acrylamide formation in model cookies baked at 190 C for
different times and formulated with three VO samples (LO low
phenolic compounds content; IO intermediate phenolic compounds
content; HO high phenolic compounds content). Letters indicate
significant differences (P \ 0.05)
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MDA/g for TXSO while CSO had a TBARS value below
the detection limit.
Acrylamide content in cookies systems, when the recipe
was formulated with TXSO oil as compared with the control
CSO, is showed in Fig. 3. Baking experiments using both
oils showed similar content of acrylamide up to 14 min, but
a different behaviour was found for the final cooking time.
At 16 min, AA rapidly increased in cookies formulated with
TXSO oil, and reaching levels about 59% higher as com-
pared with CSO. This finding indicated that thermoxidised
oil plays a role on the formation of acrylamide at prolonged
baking times, increasing abruptly acrylamide content on
cookies baked with this oil. This experiment was com-
pletely repeated once again in four independent baking
experiments and also using different starting CSO and
TXSO (17 h of thermoxidation), but similar behaviour was
obtained. The concentration of acrylamide was up to 136%
higher in TXSO system. It can be concluded that the use of
oxidised oil in the cookies formulation led to a huge
increase in the formation of acrylamide during baking.
Effect of baking time on antioxidant activity (AOA)
In Fig. 4, the AOA of cookies baked with different type of




















Fig. 2 Relationship between virgin olive oil phenolic compounds
(total and ortho-diphenolics) and acrylamide formation in cookies




















Fig. 3 Acrylamide formation in model cookies baked at 190 C for
different times and formulated with different types of olive oils and















































Fig. 4 Effect of baking time and oil composition on the antioxidant
activity of cookies. a Effect of phenolic composition, b effect of
thermoxidation. Labels as Fig. 1
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the antioxidant capacity in all the recipes in agreement with
other authors [23], but there were no differences among the
formulations containing VO with different phenolic con-
centrations, suggesting that the increase of the antioxidant
activity was mainly due to the development of the MR. On
the other hand, cookies formulated with TXSO oil showed
a significant increase of antioxidant activity at 16 min of
baking. Again, this result pointed out that final products of
lipid peroxidation feedback the MR in different stages
promoting the formation of substances with antioxidant
activity, as previously observed for acrylamide.
Colour development
The effect of baking time and oil composition on the colour
index is shown in Fig. 5a. These results indicated a linear
decrease in the E-value with the baking time since the
intensity of browning increased with baking time due to
MR and caramelisation. Lightness parameter (L*) has a
strong influence in the calculation of E-value. A rapid loss
of luminosity is translated in a reduction of the L* value
and consequently in the E-value. Data did not show
statistically different E-values for the three VO used,
concluding that the colour did not change significantly
when different concentrations of phenolic compounds in
the oils were used. This result confirms our previous
findings in a potato crisp frying system [24].
The influence of thermally oxidised oil on colour was
also investigated (Fig. 5b). The colour values (E-value) for
TXSO were similar to values obtained for cookies formu-
lated with control CSO until 14 min whereas a more rapid
decrease was observed from 14 to 16 min in thermally
oxidised oil. Thus, after 14 min, these biscuits became very
dark.
Correlation between colour development
and acrylamide formation
The correlation between acrylamide content and browning
(E-value) for the recipes containing olive oil with different
content of phenolic compounds and system with therm-
oxidised oil are reported in Fig. 6a and Fig. 6b,
respectively. Results showed a linear correlation between
colour and acrylamide formation regardless the type of oil
used in the formulation; following an average regression
equation of AA = -26.082 9 E-value ? 2003.86 (r2 =
0.997). Lower levels for E-value reflect higher browning
and higher formation of AA. However, in the Fig. 6b, it
can be observed that E-value was significantly lower when
TSXO was used. Colour changed significantly (E-value
varied between 74 and 34) and AA content increased
dramatically from 123 to 848 lg/kg compared to the con-
trol oil showing less increase both in colour (E-value varied
between 76 and 51) and acrylamide content (43–535 lg/
kg). Regression equations were; AA = -20.486 9
E-value ? 1622.3 (r2 = 0.989) and AA = -17.980 9
E-value ? 1469.8 (r2 = 0.977) for control and TSXO
systems, respectively.
Influence of phenolic compounds and oil
thermoxidation on the formation of HMF
Briefly, addition of olive oil with different profile in phe-
nolic compounds did not show an effect on HMF
formation. HMF was not detected at 8, 10 and 12 min of
baking, but levels increased from 1 to about 9 mg/kg for 14
and 16 min, respectively. However, presence of TSXO








































Fig. 5 Effect of baking time and oil composition on the colour of
cookies. a Effect of VO phenolic composition, b effect of oil
thermoxidation. Labels as Fig. 1
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compared to fresh oil, being 248 and 5 mg/kg for TSXO
and control, respectively.
Discussion
The large number of textural, physicochemical and orga-
noleptic changes which take place during baking are very
important to consumers’ acceptance. MR, caramelisation
and lipid oxidation are the most relevant chemical reactions
during baking process.
The interplay between lipid oxidation and MR has been
widely described [43], and it is known that oxidised lipids
compete very efficiently with carbohydrates for MR.
Ehling et al. [44] showed, in model systems, that acryl-
amide is formed during fats heating in presence of
asparagine, and that polyunsaturated oils gave significantly
higher amounts of acrylamide than fats less easy to oxidise.
Recently, the ability of specific lipid oxidation products to
enhance the formation of acrylamide was demonstrated
both in lipids [19] and sugar/amino acids model systems
[45].
In this framework, data obtained showed that there
was an inverse relationship between the amount of phe-
nolic compounds and acrylamide formed during baking.
This finding supported the hypothesis that VO phenolic
compounds could be able to block the radical-mediated
degradation of sugars from caramelisation and/or to delay
the formation of lipid oxidation products that will
increase acrylamide formation [19]. Polar antioxidants
such as VO phenolic compounds act very efficiently at
the interface between fat and wheat (i.e. the conditions of
the dough) [46]; therefore, they could be also particularly
efficient in scavenging dicarbonyls formed through MR.
A similar effect was already reported in our previous
study showing a reduction of acrylamide in potato crisps
fried in VO having high content in phenolic compounds
[24].
VO is mainly constituted by monounsaturated fatty acid
and it is protected from oxidation by phenolic compounds
and by tocopherol, so a thermoxidised sunflower oil was
used to investigate the effect of oil oxidation on the for-
mation of the acrylamide. Data clearly showed that the use
of thermoxidised oil markedly enhanced acrylamide for-
mation. Probably, there are different possible explanations
for this finding. During thermoxidation of the oil, unstable
hydroperoxides are formed; they are converted into sec-
ondary oxidation products such as short-chain acids,
epoxides, aldehydes and ketones [47–49]. These highly
reactive carbonyl compounds enhanced MR and therefore,
probably influenced the formation of acrylamide [45]. It is
worth noticing that acrylamide concentration significantly
increased only at the final cooking time. This suggested
that lipid oxidation products promoted acrylamide forma-
tion only at specific conditions of moisture, time and
temperature.
It is known that mechanism for acrylamide formation
involves the formation of a Schiff base from the reaction of
a carbonyl compound with asparagine, followed by
decarboxylation in a Strecker-type reaction to give an
unstable intermediate. Hydrolysis of the decarboxylated
Schiff base gives 3-APA which on elimination of ammonia
yields acrylamide. It was established that the activity of
carbonyl compounds determines the reaction rate: in model
systems, the highest yields of acrylamide are obtained for
hydroxycarbonyls as compared with sugars. Recently, Ait-








































Fig. 6 Relationship between colour (E-value) and acrylamide con-
tent in cookies formulated with different types of oils. a Effect of
virgin olive oil phenolic content, b effect of thermoxidised sunflower
oil. Labels as Fig. 1
70 Eur Food Res Technol (2009) 229:63–72
123
(mostly, E,E,2,4-decadienal and nonanal) in a cookie
model system heated at 300 C up to 10 min and they
found that their concentrations decreased after 6–8 min of
baking due to reaction with dough proteins. In addition to
reducing sugars, other carbonyl compounds, including lipid
peroxidation products are also able to react with amino
groups. Lipid oxidation produces a number of carbonyl
derivatives which feedback the Maillard reaction. Hidalgo
and Zamora [51] showed that 4,5-epoxy-alkenals, a lipid
oxidation product, also produce the Strecker degradation of
amino acids. Furthermore, final lipid oxidation products are
able to react with amino acids to form their corresponding
Strecker aldehydes [43]. It was recently described that
some lipid oxidation products, particularly 2,4-decadienal,
promoted acrylamide formation [19]. Hence, it is plausible
that the higher yields of carbonyls in the thermoxidised oil
could be responsible for significant increase of the acryl-
amide formation in cookies.
These results are also in agreement with other authors
that stated the possible effect of deep-frying on the acryl-
amide formation [48, 52], but these results were not
consistent with earlier findings in model systems [20, 21,
53] where oil oxidation did not significantly influence
acrylamide formation.
Data showed a linear increase of the antioxidant activity
during cooking which confirm our previous finding [54]
and are probably due to the formation of enediol structures
reductones which break the radical chain by donation of
hydrogen. The direct procedure adopted by Serpen et al.
[36], which avoided sample extraction, proved to be par-
ticularly suitable for dry system rich with poorly soluble
MRPs such as cookies. In fact, the increase of the antiox-
idant activity is mainly due to the formation of insoluble
component which cannot be detected using the conven-
tional extraction-dependent protocols. On the other hand, it
was surprising that the three oils with different content in
phenolic compounds did not confer different value of
antioxidant activity in the final product.
The correlation between colour development and
acrylamide formation has been largely reported [22, 55,
56]. The correlation between colour and acrylamide for-
mation in our system, particularly in the case of
thermoxidised oil, suggested that the action of phenolic
compounds in this system is not specifically on acrylamide
pathway, but on the overall formation of carbonyl com-
pounds both from MR or lipid oxidation. In fact, the strong
browning development and the huge formation of HMF
using thermoxidised oil may be attributed to the formation
of coloured products during the advanced stages of the
lipid oxidation such as low molecular weight monomers
like 4,5-epoxy-2-alkenals or 4-hydroxyalkenals [57]. These
carbonyl compounds promote acrylamide formation and
consequently, change the surface browning.
Conclusion
The presence of virgin oil phenolic compounds in the
formulation of the dough significantly affects the acryl-
amide formation in a cookie model system. Reduction up
to 20% could be achieved at moderate baking conditions
(190 C). Mechanism of action is not fully understood,
however, antioxidants might minimise the extent of the
reactions mediated by carbonyl compounds derived by
lipids, as recently observed also in a fats-rich cocoa model
system [58]. Our investigation also supports the hypothesis
that secondary lipid oxidation products actively partici-
pated in the formation of acrylamide in fat-rich foods. Our
working hypothesis and a future research requirements in
this field is that phenolic compounds, thanks to their
intermediate polarity, are positioned at the interface
between lipid and hydrophilic environment. They could act
on one by side blocking the radical-mediated degradation
of sugars and on the other by delaying the formation of
lipid oxidation products. In both cases, the outcome is the
reduction of the reactants available for acrylamide forma-
tion. Lipids have been traditionally omitted from the
schemes of acrylamide formation in foods, but this research
suggested that in a cookie model, the oil characteristics can
significantly affect the final concentration of acrylamide.
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de  glioxal  y  metilglioxal  en  galletas.  Estudios  sobre  la 



































































Para  la  separación  y  detección  de  los  compuestos  1,2‐dicarbonílicos  se  empleó  HPLC‐UV, 








Como  en  toda  separación  y  con  el  fin  de  obtener  una  mejor  resolución,  se  evaluaron  y 
optimizaron  los  parámetros más  influyentes:  la  columna  analítica,  la  fase móvil,  la  relación 
peso  de  muestra/volumen  de  extracción  y  el  porcentaje  de  mezcla  de  los  disolventes 
empleados.  El  tipo  de  extracción  empleado  no  fue  selectivo,  por  lo  que  además  de  los 
compuestos de interés también se extrajeron muchos otros (por ejemplo la 3‐deoxiglucosona). 
Estos compuestos pueden actuar como interferentes a la hora de la separación y cuantificación 





las  siguientes: una  relación 1:10  (g muestra/mL), empleando  como disolvente de extracción 
una mezcla  de metanol:buffer  fosfato  (50:50,  v/v),  y  como  cartucho  de  SPE  los Oasis HLB. 









Tras  la  validación  interna,  el  método  se  aplicó  a  26  muestras  de  galletas  comerciales 
obteniéndose  valores medios  de  15,0 mg/kg  y  29,9 mg/kg  para  el  contenido  en  glioxal  y 
metilglioxal, respectivamente.  
 
Con  objeto  de  evaluar  el  efecto  del  horneado  en  la  formación  de  glioxal  y metilglioxal,  se 
prepararon en el laboratorio una serie de modelos de galletas y se hornearon a 190 ºC durante 
diferentes  tiempos.  Los  resultados  confirmaron  la  dependencia  de  la  concentración  de  los 
compuestos  1,2‐dicarbonílicos  con  la  extensión  del  procesado.  Además,  se  demostró  una 
relación  directa  entre  la  acrilamida  y  el  HMF  con  los  compuestos  dicarbonílicos  en  las 
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Analysis, Distribution, and Dietary Exposure of Glyoxal and
Methylglyoxal in Cookies and Their Relationship with Other
Heat-Induced Contaminants
GEMA ARRIBAS-LORENZO AND FRANCISCO J. MORALES*
Consejo Superior de Investigaciones Cientı´ficas, Instituto del Frı´o-ICTAN, Jose Antonio Novais 10,
28040 Madrid, Spain
Thermal processing of food leads to the formation of dicarbonyls such as glyoxal (GO) and
methylglyoxal (MGO), which are potentially harmful because they are precursors of advanced
glycation end products (AGEs). GO and MGO formation was examined during the baking process of
cookies as cookies are a widely distributed food commodity in Western diets. GO and MGO were
chromatographically analyzed after employment of an improved method of derivatization with
orthophenylenediamine to produce stable quinoxaline derivatives. Sample extraction, cleanup,
and chromatographic conditions were evaluated to provide an in-house validated procedure for
GO and MGO analysis in cookies. Quantification limits were set at 1.5 and 2 mg/kg for GO and
MGO, respectively, with an average recovery of 103% and a calculated precision lower than 7%.
Studies were carried out both on laboratory-scale cookies under controlled conditions and on
commercial samples as well. GO and MGO values in commercial cookies ranged from 4.8 to
26.0 mg/kg and from 3.7 to 81.4 mg/kg, respectively. Commercial cookies made from ammonium
bicarbonate and fructose showed the highest levels of MGO. Dicarbonyls were rapidly formed on the
upper side of the cookie regardless of the shape or thickness of the samples, confirming there was a
surface effect. Under controlled baking conditions, the formations of GO and MGO were linearly
correlated with baking time. MGO formation was related with acrylamide, a heat-processing
contaminant, in commercial cookies, but this relationship was not observed for 5-hydroxymethyl-
furfural. Dietary exposure of the Spanish population to GO and MGO from cookies was estimated to
be 213 and 216 μg/person/day, respectively.
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INTRODUCTION
Since the last century, R-dicarbonyl research has become an
interesting field in both food chemistry and medical science,
mainly due to the implications of R-dicarbonyls in public
health (1-3). Glyoxal (GO) and methylglyoxal (MGO) have
been given special attention because they are reactive intermedi-
ates formed by heat processing such as roasting, frying, and
baking, as well as by food storage. R-Dicarbonyls are not only
known to be important precursors of color and aroma substances
but also lead to protein modifications with nutritional conse-
quences. In vivo, dicarbonyls react irreversibly with proteins,
forming advanced products analogous to those found in none-
nzymatically glycosylated proteins, which are characteristic in
aging, atherosclerosis, and diabetic and uremic subjects (4). Their
presence suggests potential health risk issues related tomutageni-
city and carcinogenity (5, 6), with GO causing DNA lesions (7)
both in vitro and in vivo studies. MGO inhibits protein, DNA,
and RNA synthesis in villus and crypt cells as well as in colono-
cytes, which are associated with genotoxicity in experimental
animals (6). However, information about the effects on humans is
limited and basically related to allergic reactions (8, 9). The
potential pathophysiological role of GO and MGO is therefore
under investigation in the biomedical area due to the toxicity of
these compounds (10).
In food, R-dicarbonyls are formed by the reaction of amino
groups in proteins with reducing sugars (Maillard reaction), by
the degradation of sugars during caramelization, and by lipid
peroxidation, apart from there being an enzymatic origin in
fermented foods (11-13). These toxic carbonyl species have been
found in several foods such as honey, with levels in the ranges of
0.2-2.7 and 0.4-5.4 mg/kg for GO andMGO, respectively (14),
and in fermented products suchaswine (up to 1556μg/L) (15) and
beer (230-1000 μg/L) (16), where they are enzymatically formed.
In addition, they have been detected in a variety of fermented
products, edible oils (up to 6.5 mg/kg for sardine oil) (17), and
bakery products such as bread or toast containing amounts of 0.3
and 0.79 mg/kg for GO and MGO, respectively (18).
Various chromatographic methods have been extensively des-
cribed in the scientific literature formeasuringGOandMGO, espe-
cially high-performance liquid chromatography (HPLC)-based
procedures, capillary electrophoresis, and gas chromatography.
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Derivatization of R-oxoaldehydes with diamino derivates of
benzene such as o-phenylenediamine (OPD) and conversion into
corresponding quinoxaline derivates with UV detection has been
reported as allowing a more specific estimation of these com-
pounds, especially if used in conjunction with HPLC (19, 20).
A number of studies have reported the formation of R-
dicarbonyls resulting from carbohydrate and amino acid reaction
during thermal treatment of foods, conditions that also favor
acrylamide (AA) and 5-hydroxymethylfurfural (HMF) forma-
tion. AAandHMFhave been defined as heat-induced processing
contaminants potentially harmful to humans (21, 22). Further
studies on GO and MGO formation pathways are necessary
because theymay provide new information about the dynamics of
these toxicants in food and, subsequently, potential mitigation
strategies. Until now, knowledge of these reactive dicarbonyls in
cookies, as well as their connection with acrylamide formation,
has been limited, despite evidence indicating the important role
they play in acrylamide genesis (23). Furthermore,GOandMGO
levels in cookies have been poorly described so far.
These observations have stimulated our interest in investigat-
ing reactive dicarbonyl formationwith respect to the formation of
new processing contaminants. With this in mind, an in-house
validated HPLC-UV method for the determination of GO and
MGO in cookies has been developed.Additionally, their relation-
ship with AA and HMF was also studied to get further insight
into their formation dynamics and finally an estimation of
exposure from cookies to these dicarbonyls.
MATERIALS AND METHODS
Chemicals. HPLC grade methanol was purchased from LabScan
(Dublin, Ireland). Acrylamide (99%), 5-hydroxymethylfurfural, GO and
MGO solutions (40% in water w/v), OPD, quinoxaline (Q), 2-methylqui-
noxaline (2-MQ), and 5-methylquinoxaline (5-MQ) were supplied by
Sigma (St. Louis, MO). Sodium dihydrogen phosphate monohydrate
and glacial acetic acid as well as formic acid were acquired from Merck
(Darmstadt, Germany). The followingmaterials were also used: ultrapure
water (Milli-Q system,Millipore Bedford,MA), Oasis-HLB cartridges (30
mg, 1 mL) and Oasis-MCX (30 mg, 1 mL) supplied by Waters (Milford,
MA), Strata-X-C (30 mg, 1 mL) obtained from Phenomenex (Torrance,
CA), and (13C3)-acrylamide (isotopic purity = 99%) from Cambridge
Isotope Laboratories (Andover, MA). All other chemicals and reagents
were of analytical grade.
Cookie Samples. Twenty-six commercial cookies were purchased
from Spanish markets. To study the effect of the baking process on the
dicarbonyls, laboratory-scale experiments were carried out with model
cookies. The recipe was prepared according to that of Arribas-Lorenzo et
al. (24) with someminormodifications: 85 g of wheat flour, 1 g of salt, 25 g
of deionized water, 24 g of sunflower oil, 1.2 g of sodium bicarbonate, and
35 g of sugar. The dough was rolled to form disks with a diameter of 5 cm
and a thickness of 2 mm and baked at 190 C from 9 to 17 min. Samples
were prepared in two parallel series and baked in an oven without forced
air circulation (UNE 400, Memmert GmbH, Schwabach, Germany).
Temperature was digitally controlled and monitored by software
(Celsius 2007 v8.0, Memmert GmbH). All samples were finely ground
and kept at 4 C until analyses.
Determination of GO andMGO in Cookies. Samples of 0.5( 0.01
g were weighed into centrifuge tubes, and 5 mL of a mixture containing
20 mM sodium phosphate buffer (pH 7.4) and methanol (50:50, v/v) was
added. The cookies were spiked with certain amounts of 5-MQ (internal
standard). Samples were vigorously shaken for 1 min and centrifuged
(5000g for 10min) at 4 C.A200 μLaliquot of supernatantwasmixedwith
375 μL of sodium phosphate buffer and 200 μL of OPD (10 mM) and
incubated for 3 h at 65-70 C in an oven (model 235, J. P. Selecta,
Barcelona, Spain). After cooling, 200 μL of acetic acid was added to the
derivatized mixture. The sample was then loaded onto the solid phase
extraction (SPE) column (Oasis-HLB) (the SPE step had previously been
optimized, see Results and Discussion), and eluent was discharged. Next,
1mLof amixture ofmethanol/0.5%acetic acid (40:60, v/v) and eluentwas
discharged. Finally, 1 mL of methanol was passed through the cartridge
and the eluent collected in an Amberlite vial. The analysis was carried out
at least in duplicate.
Analytical HPLC-UV Procedure for Quantification of GO and
MGO. GO and MGO were measured as the corresponding quinoxalines
Q and 2-MQ, respectively, after derivatization with OPD using a reverse-
phase high-performance liquid chromatography (RP-HPLC) procedure
coupled to UV detection at 315 nm. A Shimadzu LC system (Kyoto,
Japan) equipped with an LC-20ADpump, an LC-20AD/AT low-pressure
gradient former, an SIL-10ADvp autosampler, a CTO-10AS VP oven,
and aDADdetector (SPD-M20A) was used. Separations were carried out
on anACEC18 column (5μm, 250 4.6mm,AdvancedChromatography
Technologies, Aberdeen, U.K.). Elution was performed isocratically with
amixture of 0.5% (v/v) acetic acid in water andmethanol (40:60, v/v) with
a detection of 315 nm, althoughUV spectra were recorded in the 190-340
nm range. Quantification was based on the peak area of each compound
divided by the peak area of the internal standard in samples versus those
found in the calibration standard. Standard stock solutions of Q and 2-
MQwere prepared in deionized water to a concentration of 4 mg/mL. The
solution was stored in the dark at 4 C and used within 2 weeks. The
standard working solution was obtained by subsequent dilution of the
above-mentioned standard stock solutions with 0.5% (v/v) acetic acid in
water andmethanol (40:60, v/v) to yield concentrations of 0.01, 0.04, 0.08,
0.12, 0.16, 0.2, 0.4, 0.6, and 0.8 μg/mL.
Acrylamide Analysis. AA analysis was carried out by HPLC-MS
according to the method of Arribas-Lorenzo et al. (24).
HMF Analysis. HMF determination was performed by reversed-
phase HPLC according to the method of Rufian-Henares et al. (25).
Food Consumption Data. An exposure study was carried out by the
SpanishMinistry of Agriculture, Fishing and Food based on a yearly food
consumption database (26). The statistical universe of the study compiles a
balanced, representative, and stratified probability sample of the Spanish
population taking into account, gender, age, region, and socioeconomic
status, among other factors. An average body weight of 70 kg was used to
estimate the total daily intake of GO and MGO to total population
expressed as micrograms per kilogram of body weight per day.
Statistical Analysis. Data are expressed as the mean of two or more
independent determinations.DifferenceswithP<0.05were considered to
be statistically significant using theTukey test. AMicrocalOrigin program
version 7.5 (Origin Lab Corp., Northampton, MA) was used.
RESULTS AND DISCUSSION
Derivatization. The derivatization procedure was based on a
previous work (20) but with somemodifications to accommodate
the cookie samples. In a first step, standard solutions of target
dicarbonyl compounds (GO and MGO) were used to verify the
derivatization process. These standards were prepared at the
same concentrations as the standard solutions of their respective
quinoxalines (Q and 2-MQ), spiked with 5-MQ, and derivatized
and quantified by HPLC-UV. OPD was used to derivatize GO
and MGO into stable quinoxaline and 2-methylquinoxaline,
respectively, and its concentration was similar to that reported
on previous occasions (27). The reaction yield was determined by
comparing the calibration curve data of GO versus Q and MGO
versus 2-MQ with no significant differences being found (P <
0.05). Results showed that both curves were similar in the
concentration range studied from 0.01 to 0.8 μg/mL.
Liquid Chromatography Separation. The separation of Q, 2-
MQ, and 5-MQ (internal standard) was optimized by testing two
analytical columns (Kromasil ODS-2, 5 μm, 250 mm  4.0 mm,
and ACEC18, 5 μm, 250 4.6 mm). The ACE column produced
better resolution and appearance of peak shapes despite having a
longer retention time for GO and MGO (data not shown). The
influence of the solvent was also investigated by comparing
methanol and acetonitrile in combination with a water solution
of acetic acid (0.5%) under isocratic conditions at different
percentages. The best separation was obtained with 60% metha-
nol and 40% water acidified with 0.5% acetic acid and a flow of
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0.8 mL/min. Figure 1a shows a chromatogram of Q and 2-MQ
standard solutions at a concentration of 0.8 μg/mL each, along
with 2.78 μg/mL of the internal standard 5-MQ under the
described optimum conditions. Retention times were 5.1, 6.1,
and 8.4 min for Q, 2-MQ, and 5-MQ, respectively.
Optimization of the Extraction Conditions. The effect of the
sample amount in the extraction step was evaluated at two
sample/extraction solvent ratios of 1:5 and 1:10 (g/mL). Metha-
nol was chosen as an efficient solvent to extract these carbonyl
compounds as indicated in previous studies (13). The study was
assayed in spiked cookie samples with a known amount of GO
and MGO to evaluate the yield. At the same time, the effect of
different percentages of mixture solvents (30 and 50%, v/v;
methanol in sodium phosphate buffer (pH 7.4)) was also studied.
Extraction efficiency improved with a sample/extraction ratio of
1:10 (g/mL) and 50% (v/v) methanol (data not shown). There-
fore, dicarbonyl extraction from cookie samples was carried out
under these conditions.
Analytes were poorly resolved when the former procedure was
directly applied to cookies as shown in Figure 1b. To eliminate
interferences and to obtain a cleaner chromatogram and conse-
quently increased sensitivity, the SPE procedure was carried out
as a cleanup step. This purification step had previously been
employed for both biological and food samples (28, 29). Three
different SPE cartridges were tested (Oasis-HLB, Oasis-MCX,
Strata-X-C). These cartridges were evaluated under conditions
recommended by each respective supplier using as an internal
reference both an unspiked cookie sample and one spiked with Q
and 2-MQ. In addition, standard solutions of Q, 2-MQ, and 5-
MQ with increasing percentages of methanol (0, 20, 40, 60, 80,
and 100%) in acetic acid (0.5%) were also evaluated. Recovery,
retention time, separation at baseline, and cleanness of the
chromatogram profile were likewise assessed. Q, 2-MQ, and 5-
MQ standards were effectively retained by the three cartridges,
each reporting similar recoveries. However, differences in the
chromatographic profile were observed when a cookie sample
was used. The Oasis-HLB cartridge provided the best chromato-
graphic separation and resolution for cookies with no interfer-
ences when the extract was finally eluted with 100% methanol.
Panels b and c ofFigure 1 show the chromatogramsobtained for a
cookie sample before and after the cleanup step. Recovery in the
cleanup step was also studied using GO and MGO standard
solutions to which the internal standard had been added before
derivatization with OPD, followed by RP-HPLC analysis before
being finally passed through the cartridges. Recovery by the SPE
was checked by comparing the ratio area peaks of Q or 2-MQ/ 5-
MQ obtained by analyzing directly the derivatized compounds
prior to SPE with the same standard solutions derivatized after
SPE. The recovery average obtained ranged from 90 to 106%.
Although the dicarbonyls studied can be separated with good
resolutionwithin 9min, it was necessary to increase the elution time
to allow for the elutionof other peaks that could interfere in the next
injection. Chromatographic separation of dicarbonyls in cookies is
complex due to the likely presence of other compounds, apart from
GO and MGO, such as deoxyosones (i.e., 3-deoxyglucosone), but
they are not the subject of the present investigation.
Method Validation. Linearity. The linearity of the chromato-
graphic method was calculated using Q and 2-MQ standard
solutions ranging from 0.01 to 0.8 μg/mL and with the internal
standard at 2.78 μg/mL. The response of both compounds was
satisfactory with correlation coefficients >0.997. Appropriate
dilution was applied to sample extracts >0.8 μg/mL. Table 1
summarizes the calibration data for GO and MGO.
Repeatability and Reproducibility. The repeatability and
reproducibility were determined by replicate analyses of a cookie
sample. The precision values are presented inTable 2 as well as the
concentrations of GO and MGO in the sample. The assay was
performed using relative standard deviation (RSD, %) and
calculated by analyzing five replicates over a period of 3 days.
The results obtained for both dicarbonyls showed RSD of<7%,
indicating that the precision of the method was satisfactory.
Recovery. Table 3 gives the recovery results obtained for GO
and MGO. Accuracy was determined by measuring the percen-
tage of recovery after spiking a cookie sample with three different
Figure 1. Chromatograms of quinoxaline derivatives of glyoxal (GO) andmethylglyoxal (MGO) and internal standard of 5-methylquinoxaline (5-MQ) detected
at 315 nm: standard solutions (a); cookie sample before cleanup step (b); cookie sample after cleanup step (c).
Table 1. Calibration Data (Correlation Coefficient, r, and Regression Equa-
tion), Limits of Detection (LOD), and Limits of Quantification (LOQ) for
Analysis of Dicarbonyl Compounds in Cookiesa
calibration data
compound r equation LOD (μg/mL) LOQ (μg/mL)
glyoxal 0.999 330.67x þ 3.76 0.01 0.03
methylglyoxal 0.997 367.72x þ 0.76 0.02 0.04
aConcentration range applied from 0.01 to 0.8 μg/mL.
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levels of GO and MGO standard solutions and 25 μL of the
internal standardprior to the derivatization process. The recovery
obtained for both compounds ranged from 97 to 114% with
RSDs of <8% at different spiking levels.
Limits of Detection (LOD) and Quantification (LOQ). The
LOD and LOQ were determined by calculating the standard
deviation of the area divided by the slope and multiplying by 3.33
and 10, respectively. Table 1 summarizes the LOD and LOQ
obtained, although lower detection limits could easily be achieved
if needed by applying a preconcentration step after cleanup.
Application to Commercial Cookies. The in-house validated
method was applied in the analysis of 26 commercial cookies
taken randomly fromdifferent localmarkets inMadrid (Spain) to
obtain information on the distribution of these dicarbonyls and
then to estimate population exposure to them. As cookies
comprise a heterogeneous food commodity group because they
are composed of a great variety of ingredients (Table 4), tradi-
tional sweets, breakfast, and dietetic cookies were also included in
this study. Table 5 summarizes the results obtained from the
samples. GO content ranged from 4.8 to 26.0 mg/kg with a mean
value of 15.0 mg/kg and a median of 16.4 mg/kg. MGO content
ranged from 3.7 to 81.4 mg/kg with a mean value of 29.9 mg/kg
and a median of 16.6 mg/kg.
So far, numerous studies have found these dicarbonyls in
foodstuffs such as beer, honey, butter, wine, and fermented foods,
products in which these compounds were most frequently de-
tected. However, published data on bakery products is scarce, so
a systematic study is necessary before any risk assessment can be
carried out. GO andMGOwere detected at concentrations of 0.3
and 0.79mg/kg, respectively, in bread, and in the case of toast the
amounts reportedwere 0.5 and 2.5mg/kg forGOandMGO (18).
Roiter and Borovikova (30) also showed that bread crust and
bread crumbs containedGOat concentrations of up to 1.6mg/kg.
However, no studies have been found on the detection of these
dicarbonyls in cookies. TheGOandMGO levels in cookies found
in our work were about 10-fold higher than those obtained for
bakery products and could result from differences in the for-
mulation and processing of the cookies and bread. In general,
cookie formulation is more complex and contains ingredients
such as reducing sugars and probably unsaturated oils, which are
precursors of these dicarbonyls through the Maillard reaction,
caramelization, or lipid oxidation. It is known that MGO is
formed by retroaldolization of the intermediate 3-deoxyglucosu-
lose (31) and that GO is mainly a product of autoxidation of
glucose (32). In comparison, bread derivates are mainly made up
of wheat flour, baking powder, salt, and water, so dicarbonyl
levels would be expected to be lower.
By a closer scrutinization of the data it can be seen that seven
cookie samples showed higher values in comparisonwith the rest,
all of them with MGO values above 52.2 mg/kg and up to 81.4
mg/kg. It was observed that cookies containing ammonium
bicarbonate and fructose as ingredients (Table 4) formed more
MGO, thus confirming that ammoniumbicarbonate and fructose
facilitate the generation of these dicarbonyl compounds (23).
To estimate the dietary exposure of Spanish consumers to
dicarbonyls from cookies, the national tables of food consump-
tion for 2008 were used (26). Although the point estimate (deter-
ministic approach) does not assess the probability or uncertainty
or even identify high-risk consumers, because it is based on
population and not on subjects, it is nevertheless a first approxi-
mation and a useful screening tool for designing a more specific
study should there be a potential risk. Overall population ex-
posures to dicarbonyls from cookies were estimated to be 213 and
216 μg/person/day for GO and MGO, respectively.
Mapping of Dicarbonyl Distribution in Commercial Cookies.
Six independent samples with different shapes, thicknesses, and
apparently different baking technologies according to their
brownness (visual appreciation) were chosen to get a broad view
of the distribution of GO and MGO in different zones of the
Table 2. Repeatability and Reproducibility Values of the HPLC-UV Procedure
for Analysis of Glyoxal and Methylglyoxal in Cookiesa
mean (mg/kg) ( SD





glyoxal 15.4( 0.9 16.5( 0.8 16.7( 1.1 5.8 4.3
methylglyoxal 51.8 ( 3.1 55.7( 2.8 58.3( 4.8 6.4 5.9
a The assay was carried out on three different days with five replicates each. SD,
standard deviation; RSD, relative standard deviation.
Table 3. Recovery (Mean( RSD) of the Dicarbonyls from a Cookie Sample
at Different Spiking Levels (n = 5)
recovery (%) at spiking level of
compound 0.08 μg/mL 0.4 μg/mL 0.8 μg/mL
glyoxal 102( 7 107( 3 114( 2
methylglyoxal 99( 2 97( 4 103( 4
Table 4. Ingredients of Commercial Cookiesa
cookie sugars cereal NH4HCO3
1 sucrose, syrup W
2 sucrose, glucose syrup O yes
3 sucrose, glucose syrup W
4 sucrose, glucose syrup W
5 fructose W, R, Z, Y yes
6 sugar, honey W
7 sucrose W
8 sucrose, glucose W, R
9 sucrose, glucose syrup, caramel W
10 sucrose, glucose, fructose syrup W
11 sucrose, glucose syrup W
12 sucrose, glucose, fructose syrup W
13 fructose W yes
14 sucrose, glucose syrup W
15 fructose W yes
16 maltitol, lactitol, caramel W
17 sucrose, glucose syrup W, R, M
18 sucrose, glucose, fructose syrup W, O
19 sucrose, glucose, fructose syrup, honey W, O, Y
20 sucrose, glucose, fructose syrup, honey W, O
21 fructose W yes
22 fructose W, O yes
23 fructose W
24 fructose W, R, Z, Y yes
25 sucrose, glucose syrup W
26 sucrose, glucose syrup, honey W
aWheat (W), oat (O), maize (Z), rice (R), malt (M), and rye (Y).
Table 5. Occurrence of Glyoxal and Methylglyoxal in Commercial Cookies
glyoxal (mg/kg) methylglyoxal (mg/kg)
mean 15.0 29.9
standard deviation 5.2 25.9
minimum 4.8 3.7
25th percentile 11.4 12.1
median 16.4 16.6
75th percentile 18.7 46.6
95th percentile 26.0 81.4
maximum 20.5 78.0
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cookie. Representative portions of the upper side (US), lower side
(LS), center side (CS), and border side (BS) of the sample
cookie were obtained to map the contribution of each frac-
tion to that of the whole cookie. On average, GO and MGO
formations were significantly higher in US and BS portions as
expected, regardless of the shape or thickness of the cookie,
because water evaporation and temperature are higher in these
parts of the cookie, subsequently enhancing both caramelization
and the Maillard reaction. Furthermore, considerable variability
was observed due to sample heterogeneity because there could be
up to a 3-fold difference in GO content between the upper and
lower sides in some samples. These results clearly showed thatGO
and MGO contents in cookies were not uniformly distributed.
Effect of Processing Conditions. The influence of baking con-
ditions onGO andMGO in cookies baked at 190 C for 9, 11, 13,
15, and 17minwas investigated.As shown inFigure 2, amounts of
both GO and MGO increased linearly with time, reaching up to
16.1 and 15.3mg/kg for GO andMGO, respectively. Values were
higher for GO than for MGO, probably due to its formation by
sugar oxidation during the heating process, unlikeMGOwhich is
enhanced by the Maillard reaction (32). In general, levels were
found to be lower than those detected in commercial samples,
possibly due not only to the different baking processes but also
again to the type of sugar used in the formulation be it syrup,
inverted sugar, or honey.Cookieswere prepared in the laboratory
with sucrose as the only sugar ingredient because earlier experi-
ments had demonstrated that the use of a nonreducing sugar such
as sucrose formed less dicarbonyls than it would if used in
conjunction with glucose or fructose (23). Apart from the fore-
going, these reactive compounds can undergo multiple reactions
and form other compounds such as melanoidins at more ad-
vanced stages of the reaction (see, e.g., ref 33). Nevertheless,
despite the small amounts detected, it was clear that the baking
process markedly accelerated the formation of these compounds,
confirming previous data such as that of Daglia et al. (29), who
demonstrated that the content of R-dicarbonyl compounds was
influenced by the roasting process of coffee. Moreover, it was
observed that dicarbonyls had already been detected in dough
before fermentation, indicating that the dough fermentation
process may have started when the baking agent was added
because it has been reported that both dicarbonyls are formed in
fermented food (13).
Relationship with Acrylamide and HMF. Acrylamide has been
identified by many as a heat-induced toxicant in foodstuffs,
formed by the reaction between a reducing sugar and asparagine
in theMaillard reaction (34, 35). Its formation is greatly facilitated
by high temperatures (above 120 C) in processes such as frying,
baking, or roasting (36). To date, several studies have demon-
strated the role of R-dicarbonyl compounds in the formation of
acrylamide following the Strecker degradation pathway (23, 34).
Recently,Yuan et al. (37) showed clearly thatMGOis the reaction
precursor of acrylamide and accounts for nearly 80% of its
formation in aqueous Maillard reaction models (Glc/Asn).
In our study, former correlation with model systems was also
demonstrated in cookies prepared at laboratory scale and in
commercial samples as well. Figure 3a shows acrylamide content
and dicarbonyl levels of cookies at laboratory scale at different
baking times. The yield of acrylamide and dicarbonyls was
positively correlated during baking under controlled conditions.
These results for cookies are also in line with the literature, in
which it has been reported that these reactive intermediates of the
Maillard reaction interactwith asparagine, forming acrylamide in
model systems (34). As described in model systems (37), forma-
tion of dicarbonyls, as precursors of AA, accumulates during the
first stages of baking until AA formation is observed.
Figure 2. Influence of baking time (min) on formation of glyoxal (GO) and
methylglyoxal (MGO) in cookies prepared at laboratory scale at 190 C.
Figure 3. Relationship between dicarbonyls and acrylamide (a) and HMF
(b) levels in cookies baked at 190 C for different times. AA, acrylamide;
GO, glyoxal; MGO, methylglyoxal.
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Figure 4 registers the levels of MGO and acrylamide in
commercial cookies. Seven cookie samples show substantially
higher amounts of MGO (from 52.2 to 81.4 mg/kg) and acryl-
amide (from 1200 to 2100 μg/kg) in comparisonwith the rest of the
samples that contain up to 29.7 mg/kg for MGO and 1200 μg/kg
for AA. This difference might be the result of sample variability
produced not only by the choice of baking processes but also by
recipe variations. However, if cookie composition (Table 4) is
observed, results show that the lowest levels of MGO and
acrylamide are found in those cookies which contain ingredients
such as sucrose, glucose, or sodiumbicarbonate. Cookies with the
highest levels were those elaborated especially with ammonium
bicarbonate or fructose instead of glucose or sodiumbicarbonate.
This replacement gave rise to an increase in acrylamide andMGO
levels. Similar behavior has been described in model systems in
other published work. Amrein et al. (23) demonstrated that the
baking agent ammonium bicarbonate promoted the formation of
more dicarbonyl compounds compared with sodium bicarbonate
and evenmore in the presence of fructose. Thus, it is important to
stress that this finding confirmed that acrylamide formation is
related to these reactive intermediates in real samples. However,
no correlation was observed between GO and AA levels in
commercial cookies because GO, unlike AA, is not the predomi-
nant R-dicarbonyl fragment formed by the Maillard reaction.
Carbohydrate fragmentation is enhanced by alkaline conditions
and subsequently, by the formation of sugar fragments with anR-
dicarbonylmoiety. Therefore, it is reasonable to find higher levels
of MGO and GO in commercial samples with ammonium
bicarbonate as the leavening agent.
With regard to HMF, it is formed either in the Maillard
reaction or by caramelization, but significantly HMF did not
correlate with either GO or MGO in commercial cookies (data
not shown), in contrast to acrylamide. However, in cookies
prepared at laboratory scale at different times, a correlation
was observed (Figure 3b). At the beginning,HMFand dicarbonyl
amounts were basically low, indicating that an induction period
was necessary to form these compounds. However, after 15 min
of baking time, a large increase inHMF formation was observed,
whereas dicarbonyl compounds only increased slightly. This
revealed that HMF formation was highly dependent on tempera-
ture in contrast todicarbonyls thatwere formed in previous stages
of the reaction. Furthermore, similar behavior was observed in
both dicarbonyls. GO and MGO formation can result from
isomerization and subsequent retro-aldolization of sugar or by
cleavage or 3-deoxyhexulose (11), butMGO is formed to a larger
extent under MR conditions, especially through degradation of
the Amadori product more than during caramelization.
In conclusion, analysis of GO and MGO in foods is difficult
because they are very reactive, easily polymerized, and volatile
substances. The in-house validated RP-HPLC-UV method de-
scribed in this paper permitted the determination of GO and
MGO levels in cookies after derivatization to stable quinoxaline
derivatives and a cleanup step. GO and MGO were widely
distributed in commercial cookies in a broad range of concentra-
tions but mostly present at the surface of the cookie. Because GO
andMGOmaybe involved in the early stages ofmany age-related
human diseases (4, 5), it is of relevance to evaluate their dietary
exposure. Under controlled baking conditions, formation of
dicarbonyl compounds was related to the baking time and,
subsequently, to the formation of both acrylamide and HMF.
Finally, this study revealed for the first time that there is a
significant correlation between MGO and acrylamide in com-
mercial cookie samples, thus confirming the important role of
dicarbonyls in the formation of these heat-induced contaminants
in foods.
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Para  ello  se  realizaron  estudios  cinéticos  en  condiciones  de  baja  humedad  a  diferentes 
temperaturas  y  tiempos  empleando  glucosa  y  asparagina  como  reactantes.  El  análisis  de 
acrilamida  se  llevó  a  cabo  mediante  HPLC‐DAD  y  posteriormente  mediante  LC‐MS.  La 
determinación de glucosa se realizó por LC con detector de índice de refracción. La asparagina 
fue  analizada,  previa  derivatización  con  orto‐ftaldehído  (OPA),  en  un  lector  de  placas.  Por 












El mecanismo de  inhibición de  la piridoxamina podría estar  relacionado con  los  intermedios 
reactivos dicarbonílicos de la RM (glioxal, metilglioxal, 3‐deoxiglucosona, etc.), ya que según se 







































   
Effect of Pyridoxamine on Acrylamide Formation in a
Glucose/Asparagine Model System
GEMA ARRIBAS-LORENZO AND FRANCISCO J. MORALES*
Consejo Superior de Investigaciones Cientı´ficas, Instituto de Ciencia y Tecnologı´a de los Alimentos y
Nutricio´n (formerly Instituto del Frı´o), Jose´ Antonio Novais 10, 28040 Madrid, Spain
The effect of pyridoxamine (PM) on the reduction of acrylamide (AA) formation in a low-moisture
equimolar glucose/asparagine model system was investigated. Formation/elimination kinetics of
acrylamide was carried out at temperatures between 120 and 180 °C. Time courses of glucose,
asparagine, pyridoxamine, 3-aminopropionamide (3-APA), acrylamide, and browning were measured
to get more insight on the mechanism of action of PM. PM exhibited an inhibitory effect on AA formation
at all temperatures studied, but became more relevant at 160 and 180 °C (up to 51% reduction).
Degradation rates of glucose and asparagine were not significantly affected by PM, but PM was
rapidly consumed in the glucose/asparagine system. Browning was significantly suppressed by addition
of PM in the system, and formation of 3-APA was increased as compared to control. In comparison
with pyridoxal, pyridoxine, and ascorbic acid, PM exerted the highest inhibition activity against AA
formation, and a clear dose-response was observed. The nucleophilic aminomethyl group of PM
was crucial for the exertion of an inhibition effect more than double those other B6 vitamers. The
action mechanism of PM was attributable to its structural features that have the capacity to scavenge
intermediary dicarbonyls formed during sugar degradation and advanced stages of the Maillard
reaction. These findings open new possibilities for strategies in acrylamide mitigation where formation
of reactive dicarbonyls should be carefully considered.
KEYWORDS: Acrylamide; pyridoxamine; Maillard reaction; glucose; asparagine; color; 3-aminopropi-
onamide
INTRODUCTION
Acrylamide (AA) is naturally formed mainly in carbohydrate-
rich foods during thermal treatment such as frying, baking, or
roasting, and it is largely present in the diet of western countries.
Levels of AA in foods suggest potential safety issues relative
to its potent mutagenicity and carcinogenity as well as its
damages to the central nervous system functions. Thus, the
presence of this heat-induced toxicant in foodstuffs has led to
public health concern, and intense research is being focused on
ways of preventing or minimizing its formation (1, 2).
Since 2002, significant efforts have been conducted to
elucidate the chemistry pathways of AA for which the main
actors have been identified. Thermal degradation of free
asparagine in the presence of reducing sugars or carbonyls
following Maillard-type reactions has been proposed as the
major route in acrylamide formation (3, 4). It is known that
Schiff bases, decarboxylated Amadori compounds, Strecker
aldehydes, and glycoconjugates such as N-glycosides contribute
to the formation of AA (3-5), via Maillard reaction (MR).
Therefore, yields of AA can be reduced by competitive reactions
with these key intermediates, suppressing the early steps of the
MR. In this way, for instance, it was shown that metal ions
inhibited acrylamide formation by impeding the intermediate
Schiff base of asparagine, or ferulic acid, from reacting with
AA precursors or intermediates; alternative approaches involve
adding amino acids that compete with asparagine in the MR
such as glycine, reduction by olive oil phenolic compounds,
and the addition of bamboo leaves or green tea extracts.
Recently, Friedman and Levin (2) published a comprehensive
review of the different strategies of mitigation applied.
Vitamin B6 is a water-soluble vitamin that exists in three
major chemical forms: pyridoxine (PN), pyridoxal (PL), and
pyridoxamine (PM). The phosphate ester derivative pyridoxal
5′-phosphate (PLP) is the principal coenzyme form and has the
most importance in human amino acid and protein metabolism
and red blood cell metabolism; it is mainly present in fruits,
vegetables, cereal grains, meat, poultry, and fish (6).
In recent years, PM has attracted increasing attention because
it is a pharmacological agent used for the treatment of
multifactorial chronic diseases, such as diabetes or atheroscle-
rosis complications, by inhibiting the MR and reducing the
pathogenicity of carbonyl compounds (7). PM also prevents
renal and vascular pathology and hyperlipidemia in the Zucker
obese nondiabetic rat model (8). In addition, as recently
reviewed by Friedman and Levin (2), it has been pointed out
* Corresponding author (telephone +34 91 549 23 00; fax +34 91
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that PM might be a possible inhibitor of AA in food, so
investigations should be conducted to clarify this point.
Furthermore, PM has been described as a post-Amadori
inhibitor capable of inhibiting the formation of advanced
glycation end-products (AGEs) in vivo and in vitro (9, 10) as
well as advanced lipoxidation end-product (ALEs) (10, 11), but
its reaction mechanisms are yet subject to debate. Its inhibition
properties involved in the MR are a consequence of its reactivity
due to the phenol and aminomethyl group at pyridinium ring,
respectively. In addition, there has been a previous study
demonstrating that vitamin B6 supplementation can delay and
reduce the severity of the neurotoxicity caused by acrylamide
(12).
Previous knowledge supports the idea that PM could act as
an inhibitor of AA formation in foods. Its demonstrated
inhibitory effects in vivo have not been studied in foods so far.
The main purpose of this investigation was, therefore, to evaluate
whether this natural intermediate of vitamin B6 capable of
inhibiting AGE formation could mitigate AA formation in foods
systems as well. Another objective was to gain information about
the action mechanism of PM on reactions that involve acryla-
mide formation. The inhibition rates of PM were compared with
those of PN and PL as well as vitamin C as reference. In the
present paper the main changes in glucose, asparagine, and
3-aminopropionamide (3-APA) and the extent of browning as
well as the changes in the PM, subjected to rate of disappearance
or destruction due to a heating process, were considered.
MATERIALS AND METHODS
Chemicals. Acrylamide (99%), D-(+)-glucose, dansyl chloride (5-
[dimethylamino]naphthalene-1-sulfonyl chloride), pyridoxine hydro-
chloride, pyridoxal hydrochloride, and o-phthaldehyde (OPA) were
purchased from Sigma (St. Louis, MO). Heptafluorobutyric acid and
pyridoxamine dihydrochloride were from Fluka Chemicals (Madrid,
Spain). L-Asparagine monohydrate, glycine, -mercaptoethanol, metha-
nol, and acetonitrile (HPLC grade) were bought from Merck (Darmstadt,
Germany). Boric acid, sulfuric acid (96%), formic acid (98%), sodium
phosphate monobasic, and sodium bicarbonate were from Panreac
(Madrid, Spain). -Alaninamide hydrochloride (97%) was from ABCR
GmbH & Co. KG (Karlsruhe, Germany). Ultrapure water was used
(Milli-Q system, Millipore Bedford, MA). Oasis-HLB cartridges (30
mg, 1 mL) were supplied by Waters (Milford, MA). [13C3]Acrylamide
(isotopic purity 99%) was from Cambidge Isotope Laboratories
(Andover, MA). Glass vials with septum screw caps were supplied by
Agilent Technologies (Wilmington, DE).
Preparation of Model Systems. Kinetic Model. (a) Glucose and
Asparagine (Glc/Asn). Reaction mixtures were prepared with equimolar
quantities (1:1) of Glc and Asn (0.3 mmol each). To obtain a
homogeneous mixture, both reactants were carefully dry-mixed in a
mortar until a powder was obtained. Aliquots of the mixtures (99.1
mg) were transferred to Pyrex hydrolysis tubes (10 cm × 0.9 mm i.d.)
with 100 µL of 0.1 M NaH2PO4 buffer (pH 6.8), tightly capped, and
heated in an oil bath at temperatures of 120, 140, 160, and 180 °C for
various times. Temperature (reference temperature ( 1 °C) was
previously calibrated, with external thermocouples (type K, 0.1 mm)
coupled to a datalogger. The heated samples were cooled immediately
in iced water to stop any further reaction. Samples were kept at 4 °C
for analysis within the same working day or frozen for further analysis.
Experiments were prepared at least in duplicate.
(b) Glucose, Asparagine, and Pyridoxamine (Glc/Asn/PM). The Glc/
Asn reaction mixture was modified by adding pyridoxamine (0.03
mmol) dissolved in 100 µL of 0.1 M NaH2PO4 buffer (pH 6.8). The
heating experiment was worked up as previously described. Experiments
were prepared at least in duplicate.
(c) Dose Effect. Glc (0.3 mmol) and Asn (0.3 mmol) were mixed
and transferred to Pyrex tubes, and variable concentrations of pyri-
doxamine, pyridoxine, pyridoxal, and vitamin C were added (0, 5, 10,
20, and 30 µmol) dissolved in 100 µL of 0.1 M NaH2PO4 buffer (pH
6.8). The experiment was heated at 140 °C for 30 min and cooled in
ice-water. Samples were kept at 4 °C for analysis within the same
working day or frozen for further analysis. The experiments were run
at least in triplicate.
Acrylamide Analysis. One milliliter of distilled water was added
to the heated mixtures, and the reaction solution was gently vortexed
and centrifuged for 5 min at 4000 rpm for removing insoluble particles,
if any. Appropriate dilution (100-fold) was made using distilled water
and then purified on an Oasis-HLB solid phase extraction cartridge.
The cartridges were washed with 1.0 mL of methanol and 1.0 mL of
water prior to use. The sample dilution (1.0 mL) was loaded on the
cartridge, and the first drops were discharged. The eluate was filtered
through a 0.45 µm filter and subjected to a liquid chromatography-diode
array detector (LC-DAD). The results were confirmed by using liquid
chromatography-mass spectrometry (LC-MS).
The quantification of acrylamide was conducted with a Shimadzu HPLC
system (Kyoto, Japan) equipped with a LC-20AD pump, a SIL-10ADvp
autosampler, a CTO-10ASVP oven, and a DAD (SPD-M20A). The
chromatographic separations were performed on an Inertsil ODS-3 column
(250 × 4.6 mm, 5 µm). The mobile phase condition was isocratic at 100%
ultrapure water at a flow rate of 0.6 mL/min at 32 °C. Acrylamide was
detected at 210 nm. The quantification of AA was performed using a
calibration curve in the range of 5-1000 µg/L. The limit of quantitation
(5 µg/L) was similar to that found by other authors (13).
Confirmatory LC-ESI-MS analysis were performed as described by
Rufia´n-Henares et al. (14) using an Agilent 1100 HPLC system
(Waldbronn, Germany) consisting of a quaternary pump, an autosam-
pler, and a temperature-controlled column oven, coupled to an Agilent
1100 MS detector equipped with an electrospray ionization interface.
The analytical separation was performed on an Inertsil ODS-3 column
(250 × 4.6 mm, 5 µm; GLC-Sciences Inc., Kyoto, Japan) using an
isocratic mixture of 0.2% aqueous solution of formic acid at a flow
rate of 0.6 mL/min at 25 °C. Data acquisition was performed, with a
delay time of 8 min, in a selected ion monitoring (SIM) mode using
the following interface parameters: drying gas (N2, 100 psig) flow of
12 L/min, nebulizer pressure of 45 psig, drying gas temperature of 350
°C, capillary voltage of 3 kV, and fragmenter voltage of 70 eV.
Monitored ions were m/z 72.1 for acrylamide and m/z 75.1 for 13C3-
labeled acrylamide. An acrylamide calibration curve was built in the
range of 2-100 µg/L. The accuracy of the procedure was recently
demonstrated for potato crisps in an interlaboratory comparison study
organized by the Institute of Reference Materials and Measurements,
yielding a z score of -0.5. The analyses are integrated within the scope
of a certified laboratory controlled by AENOR (Spanish Association
for Standardization and Certification).
Analysis of 3-Aminopropionamide (3-APA). 3-APA was analyzed
according to the procedure reported by Bagdonaite et al. (15) with some
minor modifications. Samples (200 µL) were dissolved in 200 µL of
0.5 M NaHCO3 (pH ∼8) and then derivatized with dansyl chloride.
To 100 µL of the mixture was added 100 µL of dansyl chloride solution
(5 mg/mL in acetone) in a test tube. The mixture was vigorously mixed
for 3 min and left in the dark overnight. Twenty microliters of a glycine
solution (100 mg/mL) was added, vortexed for 1 min, and left for 15
min. The extraction of the sample was done with 1 mL of diethyl ether,
twice. The combined extracts were dried with nitrogen, and the residue
was dissolved in 1 mL of acetonitrile and filtered at 0.45 µm. A
Shimadzu HPLC system (Kyoto, Japan) equipped with an LC-20AD
pump, an LC-20AD/AT low-pressure gradient former, a SIL-10ADvp
autosampler, a CTO-10ASVP oven, and an RF-10AxL fluorescence
detector controlled by a CBM-10A communication bus module was
used. The chromatographic separations were performed on a Mediter-
ranea-Sea-C18 analytical column (25 × 0.40 cm, 5 µm, Tecknokroma,
Barcelona, Spain) using a gradient elution of ultrapure water (phase
A) and acetonitrile (phase B) at a flow rate of 0.8 mL/min at 32 °C.
Data acquisition was performed by acquiring chromatograms at an
excitation wavelength of 320 nm and an emission of 500 nm. The
column was equilibrated in 90% phase A and 10% phase B; the gradient
was as follows: time 0-2 min, 30% B; time 12 min, 70% B; time 20
min, 70% B; time 21 min, 10%, held until the end of the run (30 min).
The quantification of 3-APA was performed using a calibration curve.
Stock solution of 3-APA was prepared at a concentration of 10000
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µg/L dissolved in 0.25 M NaHCO3 (pH 8). Working standards were
freshly prepared by diluting the stock solution to concentrations of 100,
200, 300, 400, 500, 750, and 1000 µg/L.
Determination of Glucose (Glc). Samples were diluted (1:10) with
distilled water and then analyzed for Glc by HPLC-RI, consisting of
an MD-420 pump, an MD-465 autosampler, a refractive index detector
(Erma Inc., Tokyo, Japan), and a temperature-controlled column oven,
all from Kontron Instruments (Milan, Italy). The chromatographic
separations were performed on an ION-300 polymeric resin column
(300 mm × 7.8 mm, Interaction-Laboratory, San Jose, CA) at 50 °C.
A sulfuric acid solution (1 µM) was used as eluent at 0.4 mL/min.
Glucose was recorded with a refractive index detector (RID-10A,
Shimadzu, Tokyo, Japan) and quantified by the external standard
method within the range of 0.01-0.8 g/100 mL.
Determination of Asparagine (Asn). Asn was analyzed in a plate
reader by an automated procedure. A 20 µL aliquot of sample and 180
µL of 0.1 M borate buffer (pH 10) were placed per well in a 96-well
microplate (Biogen Cientı´fica, Madrid, Spain). Sample was previously
diluted in borate buffer (1/1000). The plate-reader automatically
dispensed 50 µL of OPA solution. The microplate was shaken for 15 s,
and the fluorescence was recorded at 360 and 460 nm excitation and
emission wavelengths, respectively. A Synergy HT-multimode micro-
plate reader with automatic reagent dispenser and temperature control
from Biotek Instrumens (Winooski, VT) was used. Biotek Gen5 data
analysis software was used. The OPA solution was daily prepared and
Figure 1. Kinetics curve of acrylamide formation and elimination in glucose/asparagine model system (solid box, control) and in glucose/asparagine/
pyridoxamine model system at 120 °C (a), 140 °C (b), 160 °C (c), and 180 °C (d).
Figure 2. Time necessary (min) to reach the maximum level of
acrylamide formation at each temperature investigated in the glucose/
asparagine (Glc/Asn) and glucose/asparagine/pyridoxamine (Glc/Asn/
PM) model systems.
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100-fold diluted with borate buffer. The OPA stock solution (stable
for 1 week) was prepared 6 h before use and stored in the dark at 4 °C
and contained 100 mg of o-phthaldehyde dissolved in 1.0 mL of
methanol, 500 µL of -mercaptoethanol, and 8.5 mL of 0.1 M borate
buffer (pH 10). A blank using borate buffer instead of the sample and
calibration solutions (10, 25, 50, 100, 200, and 300 mM asparagine)
was used in each assay. Asparagine solutions were also diluted 1000-
fold with borate buffer.
AnalysisofPyridoxamine.PMwasquantifiedbyaHPLC-fluorescence
according to the method of Nagaraj et al. (16). Sample (10 µL) was
injected into a Kromasil column (250 mm × 4 mm, 5 µm, Sugerlabor,
Madrid, Spain). The samples were appropriately diluted with distilled
water. The vitamin was eluted in a gradient with 5% heptafluorobutyric
acid (phase A) and 100% acetonitrile (phase B) at 1 mL/min. The
column was equilibrated in 95% phase A and 5% phase B. The elution
program was as follows: time 0-1 min, 5% B; time 10 min, 20% B;
time 11 min, 40% B; time 12 min, 40% B; time 20 min, 5% B; time
45 min, 0% B. Data acquisition was performed by acquiring chro-
matograms at an excitation wavelength of 290 nm and an emission
wavelength of 395 nm. The quantification of pyridoxamine was
performed using a calibration curve. Stock solution of PM was prepared
at a concentration of 130 µg/mL.
Measurement of Browning. Two hundred microliters of reaction
mixture was placed per well in a 96-well microplate (Biogen Cientı´fica).
Browning was measured at a wavelength of 420 nm after appropriate
dilution. The instrument for determining A420 was a microplate reader
(BioTek Instruments).
Statistical Analysis. Data were analyzed using Microcal Origin,
version 7.5 (Origin Laboratory Corp., Northampton, MA). Values are
presented as means ( SD. Differences with P < 0.05 were considered
to be statistically significant using the Tukey test.
RESULTS AND DISCUSSION
Effect of Pyridoxamine on the Formation of Acrylamide.
Two model systems (Glc/Asn, Glc/Asn/PM) were designed for
studying the fate of PM on the chemistry of AA formation.
Systems were prepared under low-moisture conditions in closed
glass tubes to resemble the processing of cereals under baking
conditions and heated at 120-180 °C for different times. The
amount of water present in the matrix has an important effect
on the yield of AA, being dramatically reduced in both dry
systems and with water content higher than 25%. Model systems
of Asn and substances with carbonyl residues, both in dry and
aqueous solutions, have been largely used to elucidate the
pathways of acrylamide formation (see refs 2, 5, and 13).
Figure 1 illustrates AA formation in the presence of PM
(Glc/Asn/PM) as compared with a control model system (Glc/
Figure 3. Reactivity of glucose (expressed as percentage of remaining
glucose) in the glucose, glucose/asparagine, and glucose/asparagine/
pyridoxamine systems at 120 and 140 °C. Residual standard deviation
was below 5%.
Figure 4. Reactivity of pyridoxamine (expressed as percentage of
remaining pyridoxamine) in a pyridoxamine system (a) and in a glucose/
asparagine/pyridoxamine system (b). Residual standard deviation was
below 3%.
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Asn) without the addition of PM at different temperatures
and times. Classical kinetics of AA in the MR describe both
the formation and elimination processes for whcih several
different mathematical models have been drawn to elucidate
the process and follow two consecutive first-order reactions
(see refs 13 and 17). Kinetic modeling of AA formation/
elimination is not the aim of this paper. Results obtained for
the Glc/Asn model system are in line with results in model
systems (see ref 18) and foods (19) reported in the literature,
where prolonged heating times and high temperatures decreased
the net formation of AA. AA has two reactive sites, the
conjugated double bond and the amide group, and it has been
proposed that losses of acrylamide are due to polymerization,
evaporation, and Michael addition reactions with other food
constituents (5). At 120 °C a plateau was observed after 60 min
of heating where the formation and elimination of AA are in
balance. Inhibition of AA by PM was observed at all temper-
atures but become relevant at temperatures >120 °C. As
expected, the time to reach the maximum level of acrylamide
was reduced by increasing temperature, being 60, 30, 10, and
4 min for 120, 140, 160, and 180 °C, respectively, but the time
to reach the maximum level of AA for each temperature
remained equal in both systems and was not affected by the
addition of PM as depicted in Figure 2.
Becalski et al. (17) reported in dry systems that the amount
of AA was reduced when the temperature was increased from
155 to 185 °C, at least when heating was longer than 10 min.
It is clear that AA is an intermediary of the MR rather than an
end-product, which implies that it is also subject to further
degradation reactions as has been clearly shown by kinetic
modeling (13). If percentages of AA reduction are compared at
the time at which the highest AA was formed, inhibition rates
of 25, 44, 51, and 51% were obtained at 120, 140, 160, and
180 °C, respectively. Inhibition of AA by PM was more
effective at higher temperatures, at which up to 51% of reduction
was obtained, which is promising for its further application
during baking of cereal products.
In line with the literature, with increasing temperature, the
reactionrateofbothAAformationandeliminationincreased(13,20),
but it is worth noting that the curves of both Glc/Asn and Glc/
Asn/PM systems showed the same rate of acrylamide formation/
elimination. A correlation was observed between the time
necessary to reach the maximum AA yields at each temperature,
providing supportive evidence that was described before (Figure
2), and it was not affected by the presence of PM. In line with
previousstudies, timeandtemperaturedriveAAformation(19,21),
but PM did not induce new chemical pathways for AA and just
a net reduction in the reaction rate was suggested.
Figure 5. Formation of 3-aminopropanamide in glucose/asparagine model system (solid box; control) and glucose/asparagines/pyridoxamine model
system at 120 °C (a), 140 °C (b), 160 °C (c), and 180 °C (d).
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Effects of PM on Glc, Asn, 3-APA, and Browning. For
better understanding of whether the presence of PM in the
reaction mixture influences the mechanism of reaction for AA
formation, Glc and Asn were analyzed as reactants. As expected,
consumption of Glc was increased with the presence of amino
groups, and the reaction was rapidly catalyzed at high temper-
atures. Figure 3 shows the glucose remaining (percent from
initial glucose content) in Glc, Glc/Asn, and Glc/Asn/PM model
systems. The rate of glucose decomposition was just slightly
reduced at 120 °C (Figure 3a) and 140 °C (figures 3b) by the
addition of PM. At higher temperatures, the reaction took place
so quickly that the potential effect of PM on Glc degradation
could not be observed or quantified (data not shown). At
physiological conditions it had been demonstrated that PM was
able to trap hexoses and pentoses by forming a Schiff base and
finally degrades into unknown compounds and pyridoxal (22),
but this situation cannot be extrapolated to classical cooking
temperatures.
In the case of degradation of Asn, an increase in the
temperature led to higher losses as time increased in the Glc/
Asn model, but Asn remained when heated alone (data not
shown).Theseresultsareinagreementwithpreviouspapers(13,23).
In contrast, the degradation rate of Asn was not significantly
affected by the addition of PM regardless of the temperature
applied. Average values of 30, 21, 17, and 9% for remaining
Asn were obtained at 120, 140, 160, and 180 °C, respectively.
Moreover, in the Glc/Asn model system, Glc was consumed
more rapidly than Asn, which is in line with results reported in
the literature (see ref 13). This fact can be explained by the
regeneration of Asn from the initial condensation products such
as the Amadori rearrangement product and the possible forma-
tion of diglucosylamine (10, 24). It was concluded that PM did
not influence significantly the rates of glucose and asparagine
consumption, and its effect on AA formation would take place
in a more advanced stage of the reaction.
The thermal stability of PM was also evaluated in the presence
of Glc and Asn, where thermal decomposition of PM is limited
when heated alone (Figure 4a). Degradation was found to be
up to 20% depending of the temperature and time, indicating
that most of the PM remains reactive. However, degradation of
PM is rapidly enhanced in the presence of Glc and Asn in the
reaction media, being almost consumed after only a few minutes
(Figure 4b) because PM is participating in the advanced stages
of the MR. At 160 and 180 °C a complete loss of PM was
observed after just 2 min of reaction. Then, PM reacted very
efficiently in the Glc/Asn reaction system, where PL and PN
are also detected as reaction products in the chromatogram
profile as well as other minor unknown compounds.
Previous studies have demonstrated that 3-APA is a transient
intermediate in AA formation during thermal treatment (15, 25).
Furthermore, it may also be formed by enzymatic decarboxylation
of Asn (26), via decarboxylation of the Schiff base (4), and through
the Schiff base formed from Asn and R-hydroxycarbonyl (27) or
reaction with pyruvic acid (5). This point was confirmed in the
present study when the concentration of 3-APA in the reaction
mixtures clearly showed an exponential increase followed by a
decrease after prolonged time depending on the temperature
(Figure 5). When the temperature was increased, 3-APA yields
increased in both model systems. However, the presence of PM
did not show an inhibitory action on 3-APA; in contrast, PM
enhanced the net formation of 3-APA at 140, 160, and 180 °C (no
significant effect was found at the lowest temperature). These data
suggest that the action mechanism of PM could be taking place at
this step, blocking the reaction of 3-APA through AA or blocking
other routes of AA formation (such as degradation of the Amadori
products or Schiff base and formation of reactive intermediary
compounds) through the formation of 3-APA.
Browning is a classical feature of the extent of the MR in its
advanced/final stages, and it has been directly related to AA
formation in both model systems and foods (see ref 28). Figure
6 depicts the extent of browning in the control model system
and with the addition of PM. In the Glc/Asn model (Figure
6a), browning increased rapidly with temperature until a
maximum; after that, browning remains more stable with time.
Results are in line with previous studies (17). Similar behavior
was observed in the Glc/Asn/PM system (Figure 6b). Browning
was also directly related with the temperature, where a
maximum is obtained. At 120 and 140 °C, browning increased
steadily, whereas at 160 and 180 °C the absorbance reached a
peak and finally decreased followed by a plateau. However,
browning was nearly 2-fold less in the presence of PM. These
findings indicate that PM strongly reduces the advanced and
final stages of the MR and, subsequently, PM action on AA is
connected to its inhibitory effect on the activity of the MR and
the formation of intermediary reactive compounds as reported
for in vivo studies.
Dose-Response and Structure-Related Effect of PM on
AA Formation. The dose-response of different vitamins on AA
Figure 6. Browning (expressed as absorbance at 420 nm) in a glucose/
asparagine system (a) and in a glucose/asparagine/pyridoxamine system
(b). Residual standard deviation was below 7%.
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formation was investigated. For this purpose, three B6 derivates
(PM, PN, PL) and vitamin C at different concentrations (5, 10,
20, and 30 µmol) were added to the Glc/Asn model system and
heated at 140 °C for 30 min. Results are depicted in Figure 7 and
are expressed as percentage of AA inhibition as compared with
the control system without the addition of vitamin. All of the
compounds showed inhibition activities to some extent, except for
pyridoxal at concentrations of 5 and 10 µmol, which did not show
significant differences from control. However, a dose-dependent
response for PM, PN, and vitamin C was observed. At the highest
concentration tested (30 µmol), PM, PN, PL, and vitamin C reduced
the formation of AA by 38, 21, 8, and 27%, respectively. Among
the vitamers examined, PM provided the highest inhibition rates
followed by vitamin C and pyridoxine. Pyridoxal (the alcohol form
of vitamin B6) appeared to inhibit acrylamide formation only very
slightly. On the other hand, vitamin C showed a moderate
inhibition, confirming the protective action against acrylamide
found in previous paper, mainly owing to lowering of the
pH (19, 29). It is observed that the dose-response for vitamin C
is not linear and a degree of saturation is observed at 30 µmol.
However, the activity of PM increased linearly with time, showing
a remarkable dose-response.
It is interesting to compare the different responses observed
between the inhibition rates for the three forms of vitamin B6. This
finding could be attributed to a structure-related effect (Figure 7).
It has been demonstrated that in the case of PL the inhibition
involves competitive Schiff base condensation of the aldehyde
group with protein amino groups at glycation sites (30). In this
respect, the inhibition exerted by PM necessarily follows a different
pattern, as it lacks an aldehyde group as described below. In
contrast, some authors have reported that PN is not an AGE
inhibitor (9). The structural features of PM are critical in the
catalysis of transamination reactions, where important residues are
the phenolic hydroxyl group and the aminomethyl group at
positions 3 and 4 of the pyridinium ring, respectively. PM was
effective in blocking carbonyl compounds; the amino group reacts
with the carbonyl moiety of R-keto acid, which is the key point of
its usefulness for AA mitigation. Then, PM can act through
nucleophilic reactions with carbonyl intermediates in the MR,
autoxidation of carbohydrates, or lipid peroxidation.
It has been frequently reported that PM is a potent inhibitor
of the formation of AGEs (9, 10). This discovery stimulated
our interest in this B6 vitamer as a possible inhibitor of AA
because the formation of this compound is closely linked to
the MR. AA formation involves the condensation between
carbonyl groups of reducing sugars with amino groups to form
N-glycoconjugate, which is in equilibrium with the Schiff base
(3). Recently, it has been described that the Schiff base
Figure 7. Dose-response effect of PM on the acrylamide inhibition (percentage from control) in a glucose/asparagine model system with added pyridoxamine
(a), pyridoxine (b), pyridoxal (c), and ascorbic acid (d).
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mentioned is the first step in the formation of AA (4, 5). Our
results suggest that PM did not affect this early step of the MR
because it did not greatly influence the decomposition of the
reactants at 140, 160, and 180 °C. The effect of PM in the
degradation rates of Glc and Asn was residual.
Previous studies indicated that R-hydroxycarbonyls are much
more efficient than R-dicarbonyls in converting asparagine into
AA (5), but opposing evidence has also been reported recently.
Yuan et al. (31) showed that almost 80% of AA was formed
through participation of R-dicarbonyls such as methylglyoxal.
Similar results were obtained by Zyzak et al. (4) studying AA
formation in a semidry food model system, showing that a
variety of carbonyl sources (glucose, ribose, glyceraldehyde,
glyoxal) could generate AA from Asn under heating. The
reactivity of carbonyl is higher when the sugar chain is shorter;
glyoxal becomes 3-fold more reactive than glucose on a molar
basis. Then, discrepancies could be due to the water content in
the reaction medium used when the reaction is limited in dried
systems at pyrolysis conditions. Amrein et al. (32) also
concluded that methylglyoxal and glyoxal play important roles
in AA formation in model systems. Therefore, the inhibition
mechanism of PM might be related with these compounds
because it is known that this form of vitamin B6 is capable of
reacting with the reactive dicarbonyls intermediates of the MR,
especially glyoxal, methylglyoxal, glycolaldehyde, or 3-deoxy-
glucosones (10, 16), forming stable adducts (33) that would
inhibit the conversion to the next steps of the reaction. The
action mechanism is attributable to its structural features as
mentioned before; PM possesses a nucleophilic amino group
(see Figure 7a) that has the capacity to scavenge toxic carbonyl
compounds, inactivating these key intermediates on the AA and
thereby preventing progression to its formation. Nagaraj et al.
(16) concluded that the inhibitory effect of PM is mediated by
the formation of a methylglyoxal-pyridoxamine dimer in
biological systems. In our investigation, we were not able to
identify the formation of dimers between PM and dicarbonyls
or PM degradation products, but this aspect is still under
investigation due to the complexity of chromatographic profiles
in the Glc/Asn/PM system.
The strong decrease in the degree of browning by the addition
of PM found in the reaction mixture also confirmed the
inhibitory action of PM on AA formation as the color is directly
associated with its formation through the MR (28, 34). It is
important to stress that this suppression of the browning confirms
the hypothesis of the capacity of PM to trap these colored
compounds and precursors formed during the degradation of
sugars in the MR. Nevertheless, the inhibitory effect is limited
not only to scavenging of dicarbonyl compounds but also to
blocking the pathway of formation of acrylamide via 3-APA.
There was an increase of 3-APA formation likely because of
no conversion to AA, confirming the studies reported by other
authors where 3-APA takes part in acrylamide formation (25, 26).
In addition, 3-APA is converted into AA more efficiently in
the presence of aldehydes (35). Consequently, PM reacts with
aldehydes and therefore competes with 3-APA for available
carbonyl groups.
PM suppressed AA formation even at the lowest concentration
investigated. PM is more effective as compared with the other
B6 vitamers, pyridoxal and pyridoxine; even inhibition was
considerably higher than vitamin C at the same concentration
studied. On the basis of the data obtained in the present work,
a working hypothesis was settled on, whereby the PM mech-
anism of action to reduce AA formation is mediated through
scavenging dicarbonyls. Dicarbonyl compounds such as glyoxal
and methylglyoxal are established as important intermediates
of the MR (a) from retro-aldol fragmentation of Schiff base,
(b) from autoxidation of sugars, (c) from oxidative degradation
of the Amadori product, and (d) and as part of the end-products
of lipid peroxidation. At this point, the formation of conjugated
intermediary compounds from the reaction of PM and advanced
products of the MR is not confirmed. Theefore, a forthcoming
investigation is focused on the determination of methylglyoxal
or glyoxal pyridoxamine dimers and adducts of two molecules
of PM and two molecules of MG or glyoxal. On the other hand,
application of PM as a mitigating agent for acrylamide formation
is also potentially relevant to foods rich in lipids where advanced
products of oxidation have been recently implied in the
formation of acrylamide.
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disminuir  los  niveles  de  acrilamida  de  manera  significativa,  probablemente  debido  al 
atrapamiento  de  los  compuestos  dicarbonílicos  glioxal  y  metilglioxal,  en  este  trabajo  se 










de  glioxal  y metilglioxal  a  temperaturas  superiores  a  120  ºC. Además,  se  comprobó  que  el 
porcentaje de inhibición fue dependiente de la dosis de piridoxamina.   
 
Los  resultados  del  presente  estudio  apoyan  la  hipótesis  de  nuestro  trabajo  anterior:  la 




































Acrylamide  formation  in  low‐moisture  equimolar  glucose/asparagine  model  systems  is 
inhibited by pyridoxamine. The mechanism of action of pyridoxamine was linked to its capacity 
to  scavenge  dicarbonyls  formed  during  browning  reactions  but  was  not  experimentally 
confirmed  in  previous  studies.  The  effect  of  pyridoxamine  on  the  formation  of  glyoxal  and 
methylglyoxal was  investigated. Dicarbonyls were measured  as  their  stable  quinoxalines  by 
liquid  chromatography.  A  semi‐dry  model  system  containing  glucose  and  asparagine  and 
heated at temperatures between 120 and 180 ºC was employed. A noticeable inhibiting effect 
of pyridoxamine on dicarbonyls compounds was found at temperatures higher than 120 ºC till 
up  to  44%  of  reduction.  Dose‐response  of  pyridoxamine  was  observed  and  the  higher 
concentration of pyridoxamine used  led to almost a 40% of reduction on dicarbonyls. Results 
strongly suggested  that pyridoxamine might  trap  the  toxic carbonyl  intermediates  formed  in 
the  glucose/asparagine model  system  and  thereby,  to  prevent  the  pathway  of  acrylamide 












Acrylamide  (AA)  is  formed  during  both 
industrial thermal processing and domestic 
cooking  of  foods  through  the  Maillard 
reaction  as  the  main  mechanism  (1,  2). 
There  is  enough  evidence  about  the 
neurotoxic,  genotoxic  and  carcinogenic 
effect  of AA  (3). AA  formation  in  foods  is 
dependent of several  factors such as head 
load,  type and  concentration of  reactants, 
moisture, pH, and certain additives among 
others (4). Then small changes in the recipe 
or  processing  conditions  will  cause  large 
changes  in  the  final  AA  content  in  the 
product.  AA  is  ubiquitous  in  the  food 
supply  although  dietary  exposure  varies 
with  food  commodities  and  consumption 
habits of population for certain foods (5‐7). 





The  main  mechanism  of  acrylamide 
formation  in  heated  foods  is  the Maillard 
reaction  between  sugars  and  amino  acids 
and several pathways have been proposed 
(1, 8‐11). However, the role of the reactive 
carbonyl  intermediates  from  the Maillard 
reaction,  lipid  oxidation  and  sugar 
fragmentation on  the AA  formation  is  still 
under  investigation.  Koutsidis  et  al.  (12) 
showed  that  the  tautomerisation  of  the 
carboxylated  asparagine‐carbonyl  Schiff 
base  is  the  key  step  in AA  formation  and 
the  type  of  carbonyls  formed  greatly 
influenced  the  yield.  Furthermore,  3‐
aminopropionamide,  a  transient 
intermediate of the thermal degradation of 
asparagine,  can  be  deamined  to  form  AA 
(8). Some studies have reported the role of 
α‐dicarbonyls  such  as  glyoxal  or 
methylglyoxal  in  its  formation  since  can 
react  with  amino  groups  (11,  13,  14).  In 
addition,  AA  rapidly  increased  in  cookies 
formulated with thermooxidised oil reaching 
levels about 59% higher as compared to the 
reference  sunflower oil  (15).  This  conforms 
that  lipid  oxidation  produces  a  number  of 
carbonyl  derivatives  which  feedback  the 
Maillard reaction and Strecker like reactions 
to  form  AA  (16).  Recently,  Koutsidis  et  al. 
(17)  showed  a  strong  correlation  between 
the  unsubstituted  pyrazine  and  AA  which 
suggested the promotion of the formation of 
the Maillard  reaction  intermediates,  and  in 
particular  glyoxal  as  the determining mode 
of  action  in  a  low‐moisture  asparagine‐
glucose model system. 
 
In  a  previous  study,  we  investigated  the 
ability  of  pyridoxamine  (PM)  to  inhibit  AA 
formation  in  glucose/asparagine  model 
systems (18). PM clearly reduced the yield of 
AA  formation, but the mechanism of action 
was  under  investigation. We  hypothesized 
dicarbonyls, derived  from Maillard reaction, 
caramelization  or  lipid  peroxidation, might 
be  involved  in  AA  formation  due  to  PM  is 
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capable  of  scavenging  these  reactive  toxic 
intermediates  (19,  20).  Furthermore,  PM  is 
considered  as  a  post‐Amadori  inhibitor 
capable  of  inhibiting  the  formation  of 
advanced  glycation  end‐products  (AGEs)  as 
well  as  advanced  lipoxidation  end‐products 
(ALEs) formation (19, 21‐24). 
As a continuation of our research, herein it 
is  investigated  if  the  reduction  of  AA  is 
closely associated to the inhibition rates of 
glyoxal  (GO)  and methylglyoxal  (MGO)  by 
PM.  For  this purpose, GO  and MGO were 







orthophenylenediamine  (OPD)  and  and  5‐
methylquinoxaline  (5‐MQ)  were  supplied 
by Sigma (St. Louis, MO, USA). Methanol of 
HPLC  grade  was  obtained  from  LabScan 
(Dublin,  Ireland).  Sodium  dihydrogen 
phosphate monohydrate and glacial acetic 
acid  were  acquired  from  Merck 
(Darmstadt,  Germany).  Ultra  pure  water 
was  used  (Milli‐Q  system,  Millipore 
Bedford,  MA,  USA).  Oasis‐HLB  cartridges 
(30  mg,  1  mL)  were  supplied  by  Waters 
(Milford, MA, USA). All other chemicals and 
reagents  used  were  described  in  Arribas‐
Lorenzo and Morales (2009). 
 
Model  Systems.  Low‐moisture  model 
systems  used  were  described  in  Arribas‐
Lorenzo and Morales (2009). 
 
Determination  and  quantification  of  GO 




MQ  (internal  standard).  The mixture  was 
incubated  for  3  h  at  65‐70  ºC  in  an  oven 
(model 235, J. P. Selecta, Barcelona, Spain). 
After  cooling,  200  µL  of  acetic  acid  was 
added  to  the  derivatized  mixture.  The 
sample  was  then  loaded  onto  the  solid 
phase extraction  (SPE)  column  (Oasis‐HLB) 
(the  SPE  step  had  previously  been 
optimized, see Results and Discussion), and 
eluent  was  discharged.  Next,  1mL  of  a 
mixture  of  methanol:0.5%  acetic  acid 
(40:60,  v/v)  and  eluent  was  discharged. 
Finally,  1  mL  of  methanol  was  passed 









mean  of  two  or  more  independent 
determinations.  Differences  with  P<0.05 
were  considered  to  be  statistically 
 4 
significant using the Tukey test. A Microcal 





Heating  time  dependent  profile  of  GO 
(Figure  1)  and  MGO  (Figure  2)  was 
evaluated  in  the  low‐moisture  glucose‐
aparagine reaction models  in the presence 
or  absence  of  PM  at  four  different 
temperatures, 120 ºC (a), 140 ºC (b), 160 ºC 
(c) and 180  ºC  (d). Levels of GO and MGO 
were  expressed  as  µg  per mL  of  reaction 
(after addition of 1 mL of water).  
At  120  and  140  ºC,  the  increase  in 
dicarbonyls concentration was followed by 
a steady state  in which  the  formation was 
probably  in  equilibrium  with  its 
degradation.  At  160  and  180  ºC,  the 
increase was  followed by  a  fast decrease, 
typical behaviour for intermediates. 
 

























































































































































































































During heating,  the presence of PM  in  the 
reaction  media  became  relevant  in  the 





similar  behaviour  was  found  for  both 
dicarbonyl  compounds.  In  addition,  our 
results  agreed  with  previous  studies 
demonstrating that time and temperatures 
are  parameters  that  affect MGO  and  GO 
formation  (14, 25).  It  is worth noting  that 




inhibition  for  GO  and MGO  compared  to 
control  for  all  heating  times  at  each 
temperature  was  depicted  (Figure  3). 
Inhibition  ranged  from  17%  up  to  63%  at 

















































































































from 18% at 160  ºC up  to 62% at 140  ºC. 
The mean  inhibition percentages obtained 
were 50%, 39% and 44% for GO, and 44%, 
39%  and  43%  for MGO  at  140  ºC,  160  ºC 
and  180  ºC,  respectively.  The  inhibitory 
effect  of  PM was,  therefore,  in  the  same 
range for both dicarbonyls.  
 
Experiments  were  further  extended  to 
investigate  the  dose  effect  of  PM  at 
different  concentrations  on  the  formation 
of GO and MGO  in  the glucose‐asparagine 
model system heated at 140 ºC for 30 min 
(Figure  4).  Results  were  expressed  as 
percentage  of  GO  and MGO  inhibition  as 
compared  with  the  reference  system 
without  PM.  By  adding  5,  10,  20,  or  30 
µmol  into  the  model  system,  clearly  PM 
suppressed  the  formation  of  the 
dicarbonyls compounds, being significantly 
different  from  the  control.  In  the  case  of 
GO,  with  increasing  amounts  of  PM,  the 
reduction  rate  increased  and  it  was 
observed,  thereby,  a  dose‐dependent 
response. On the contrary, MGO showed a 
dose‐dependent  response  only  at 
concentration  higher  than  10  µmol. 




30 µmol  level. The  results obtained  in  this 




temperatures  above  120  ºC.  Arribas‐
Lorenzo & Morales (18) demonstrated that 
PM  inhibited  AA  yields  in  a  low moisture 
equimolar  Glu‐Asn model  system  but  the 
effect  become  markedly  higher  at 
temperatures above 120 ºC achieving up to 
51%  of  reduction  at  160  and  180  ºC.  The 
reaction  mechanism  was  still  under 










































































blocking  the  conversion  to  next  steps  of 
the  reaction.  In  the  present  study  data 
showing the net reduction of GO and MGO 
in  presence  of  PM  in  Glu‐Asn  model 




inhibitor  of  reactive  carbonyl  compounds 
formed  by  degradation  of  sugars  or  lipid 
peroxidations. Several experimental works 
provide  convincing  evidence  in  this 
direction: Vozyan et al. (29) tested that PM 
was  capable  of  reacting  with  glyoxal  and 
glycolaldehyde forming adducts. Nagaraj et 
al.  (20)  reported  that  PM  inhibited  the 
formation  of  advanced  glycation  products 
through  the  methylglyoxal‐pyridoxamine 
dimmer  both  in  vitro  and  in  diabetic  rats 
and  Chetyrkin  et  al.  (26)  tested  PM 
protected proteins from functional damage 
by  3‐DG.  Although  in  this  work  it  is  not 
clear  if  PM  reacts  directly  with  GO  and 
MGO  forming  adducts,  it  is  reasonable  to 
assume that PM suppressed the formation 
of  these  intermediates  of  the  Maillard 
reaction,  inactivating  the  next  steps  and 
thereby  interrupting the AA formation. So, 
the  idea that reactive carbonyl such as GO 
and  MGO  are  main  actors  involved  in 
acrylamide  formation  (13,  14,  17)  is 
supported  then  by  our  results.  Even, 
Koutsidis  et  al.  (17)  suggested  the  strong 
correlation  between  the  formation  of 
dicarbonyls,  in  particular  GO,  on  the 






























In  addition,  in  the  earlier  article  it  was 
observed  a  reduction  on  AA  by  PM  at  all 
times  studied,  on  the  contrary  hereby, 
there was no  inhibitory effect until a more 
prolonged  time.  For example,  at 140  ºC  it 
was observed  for 25 min, at 160  ºC  for 10 
min  and  180  ºC  for  4  min  both  GO  and 
MGO.  It  is  noteworthy  that  those  times 
coincide  with  the  times  at  which  the 
concentration of acrylamide was maximum 
and  from  that  point  it  started  the 




AA  as we  demonstrated  (18).  To  sum  up 
our  research  based  on  model  system 
confirms  GO  and  MGO  as  the  main 
intermediates on  formation of AA and  the 
capability of PM to inhibit them. There is a 
margin of action  in order  to act  in  certain 
key  steps  limiting  the  formation  of 
dicarbonyls  to  decrease  the  amount  of 
acrylamide  formed  through  the  Maillard 
reaction.  But  approaches  in  acrylamide 
reduction  have  to maintain  the  desirable 
colour  and  flavour  appreciated  by 
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En el  trabajo anterior  se  constató que  la piridoxamina era  capaz de  inhibir  la  formación de 
acrilamida de  forma  indirecta a  través del atrapamiento de  los  intermediarios dicarbonílicos 
glioxal  y  metilglioxal.  Sin  embargo,  también  se  ha  descrito  la  formación  de  aductos  de 
acrilamida  como  una  manera  eficiente  de  reducir  los  niveles  de  acrilamida,  debido  a  su 
capacidad para reaccionar con reactivos nucleófilos mediante reacciones de adición. Por tanto, 
el objetivo de este trabajo es  investigar si  la piridoxamina es capaz de reaccionar también de 
forma  directa  con  la  acrilamida  y  formar  aductos,  como  una  posibilidad  de mecanismo  de 
inhibición adicional.  
 
Se emplearon una  serie de experimentos en  sistemas modelo. Para ello,  se calentó durante 
diferentes tiempos una mezcla semisólida de piridoxamina‐acrilamida a 140 ºC. Se observaron 
cuatro picos cromatográficos que fueron asignados como los aductos piridoxamina‐acrilamida. 
Los  dos  aductos  mayoritarios  fueron  seleccionados  para  el  aislamiento  mediante 
cromatografía  flash  y  semipreparativa  y  para  la  caracterización  estructural  por  diversas 
técnicas  espectroscópicas  (UV,  fluorescencia,  IR  y  RMN)  así  como  espectrométricas  (MS, 
MS/MS).  
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Isolation and Structural Characterization of Acrylamide-
Pyridoxamine Adducts
Gema Arribas-Lorenzo,† Mercedes Pintado-Sierra,‡ and Francisco J. Morales*,†
†Instituto de Ciencia y Tecnología de Alimentos y Nutricion, 28040, and ‡Instituto de Ciencia de Materiales de Madrid, 28049, Consejo
Superior de Investigaciones Científicas, Madrid, Spain
ABSTRACT: Pyridoxamine (PM) is an
effective inhibitor of the formation of the
carcinogen acrylamide (AA) from its
precursors in low-moisture model sys-
tems. Although AA is widely assumed to
act by scavenging carbonyl compounds,
no alternative pathways have to date been
explored. In this work, we found AA to
directly react with PM in a low-moisture acrylamide-pyridoxamine model system heated at 140 C for up to 40 min. The reaction
products gave four major chromatographic peaks that were assigned to acrylamide-pyridoxamine adducts. Two of the adducts
(AA-PM-1 and AA-PM-3) were selected for isolation and structural characterization with various spectroscopic (UV,
fluorescence, IR, and NMR) and mass spectrometric techniques (MS, MS/MS). As shown by the proposed reaction scheme,
PM can directly react with AA via Michael addition. The reaction involves a nucleophilic attack of the PM amine group on AA
(an R,β-unsaturated carbonyl compound) to give adduct AA-PM-3, which was identified as 3-(((3-hydroxy-5-(hydroxymethyl)-
2-methylpyridin-4-yl)methyl)amino)propanamide. However, AA-PM-3 further reacts with any additional AA present
in the medium to give adduct AA-PM-1 identified as 3,30-(((3-hydroxy-5-(hydroxymethyl)-2-methylpyridin-4-yl)methyl)azanediyl)-
dipropanamide. The time courses of these adduct formation reactions were studied in cookies supplemented with PM, where AA-
PM-3 was found to be the predominant structure.
’ INTRODUCTION
Acrylamide (AA) is a processing contaminant naturally
formed during thermal treatment of foods.1,2 The widespread
ubiquity of AA in the diet has raised worldwide concern about its
potential health hazards, but their nature and severity remain a
matter of debate.3,4 The Joint Expert Committee on Food
Additives (JECFA) concluded that the margins of exposure for
average and high consumers were very low for a compound that
is both genotoxic and carcinogenic, and hence potentially
hazardous to human health.5 The fact that acrylamide is present
in an extensive range of widely consumed foods such as potato
chips, crispbread, and biscuits has greatly promoted research
aimed at unraveling its formation mechanism6 and developing
strategies to decrease human exposure as summarized in the CIA
Acrylamide Toolbox of 2009.7
Acrylamide is believed to form via a Maillard reaction
involving reducing sugars and asparagine; however, dicarbonyl
compounds and various lipid oxidation products8-11 are known
to boost the reaction rate under specific conditions.2 Some
studies have shown that AA formation can be minimized by
adding nucleophiles such as cysteine, lysine, or glycine to
foods.2,12 Recently, the formation of amino acid-acrylamide
adducts was shown to efficiently reduce AA levels13-15 by virtue
of AA, an R,β-unsaturated carbonyl compound, being able to
directly react with nucleophiles via Michael-type addition
reactions.
Pyridoxamine (PM) is a well-known inhibitor of the Maillard
reaction capable of reducing the formation of advanced glycation
end-products (AGEs) both in vivo and in vitro.16,17 On the basis
of these properties, PM is used as a pharmacological agent for the
treatment of multifactorial chronic diseases such as diabetes and
atherosclerosis complications, where it acts by inhibiting the
Maillard reaction and reducing the pathogenicity of carbonyl
compounds.18,19 In previous work, we found PM to have a
beneficial effect derived from its ability to reduce the presence of
acrylamide in glucose/asparagine model systems by up to 51%;20
we ascribed the effect to PM indirectly inhibiting AA formation
by scavenging major promoters such as glyoxal and methylglyoxal.
Zeng et al.21 confirmed these results and found PM and other
vitamins to reduce acrylamide levels in chemical models and fried
snack products by up to 50%; they proposed no specific
mechanism for the inhibitory effect of PM, however. Later,
Cheng et al.22 stated that the flavonoid naringenin inhibits
acrylamide formation by directly reacting with its precursors to
form other derivatives. Also, a recent study showed niacin to
efficiently trap acrylamide and form a stable adduct: 1-propana-
mide-3-carboxypyridinium.23
The purpose of this work was to investigate the mechanisms
involved in PM-AA interaction and identify, for the first time, its
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major products. The results provide useful new insight into
acrylamide reduction strategies.
’EXPERIMENTAL PROCEDURES
Materials. Acrylamide (99%) was supplied by Sigma (St. Louis,
MO, USA). PM 3 (HCl) was purchased from Fluka Chemicals (Madrid,
Spain) and ultrapure water obtained from a Milli-Q apparatus from
Millipore (Bedford, MA, USA). Oasis-HLB cartridges (30 mg, 1 mL)
were supplied by Waters (Milford, MA, USA). [13C3]-Acrylamide in
99% isotopic purity was obtained from Cambridge Isotope Laboratories
(Andover, MA, USA), and HPLC-grade solvents and other reagents
were supplied by Merck (Darmstadt, Germany). Wheat flour, salt,
sunflower oil, and sugar were obtained from local producers. Flash
column chromatography was carried out on silica gel 60, 230-400mesh
ASTM fromMerck (Darmstadt, Germany), and TLCwas performed on
silica gel precoated aluminum foils, 60F 254, 0.25 mm, also fromMerck.
PM-AA Reaction in Model Systems. Acrylamide (141 μmol)
and pyridoxamine (28 μmol) were dissolved in 100 μL of 0.1 M sodium
phosphate buffer at pH 6.8 and heated in tightly closed Pyrex vacuum
hydrolysis tubes (10 cm  0.9 mm) at 140 C for 0, 5, 10, 20, 30, or
40min in an oil bath. Solutions containing AAor PM alonewere processed
simultaneously and used as controls. After heating for the preset times,
the samples were immediately cooled in iced water to stop the reaction.
Then, they were supplied with 1 mL of distilled water and stored at -
20 C. All runs were done in duplicate.
The effect of the reactant concentration was examined by heating an
amount of AA of 141 μmol in the presence of variable amounts of PM
(141, 28, 14, 3, 1, and 0 μmol) in 100 μL of 0.1 M sodium phosphate
buffer at pH 6.8. After heating at 140 C for 20 min, the samples were
cooled in ice-water and treated like the previous ones.
Cookie Preparation. The dough used as control was prepared
from salt (0.6%, w/w), sodium bicarbonate (0.7%, w/w), sugar (20.4%,
w/w), sunflower oil (14.0%, w/w), deionized water (14.6%, w/w), and
wheat flour (49.7%, w/w), and supplemented with PM at two different
concentrations (0.5% and 1% w/w) which were dissolved in the water
used to make the dough. Once ready, the dough was rolled to form disks
with 2 mm thick and 5 cm in diameter that were baked in duplicate in a
UNE 400 oven from Memmert GmbH (Heilbronn, Germany) without
forced air circulation at 190 C for 9-17 min. The baking temperature
was digitally controlled and monitored via the software Celsius 2007 v.
8.0, also from Memmert GmbH.
Acrylamide Analysis. Acrylamide in the reaction mixtures was
determined by LC with diode array detection (DAD). To this end,
samples were centrifuged at 9000g for 5 min, filtered to obtain a clear
supernatant, and diluted with distilled water as required. Acrylamide was
quantified on an LC system from Shimadzu (Kyoto, Japan) equipped
with an LC-20AD pump, an SIL-10ADvp autosampler, a CTO-10ASVP
oven, and an SPD-M20A diode array detector. Chromatographic
separations were performed on an Inertsil ODS-3 column (250 
4.6 mm, 5 μm). The mobile phase was 100% ultrapure water and
circulated in the isocratic mode at a flow rate of 0.6 mL/min at 32 C.
Acrylamide was detected at 210 nm and eluted at 10.7 min. Calibration
was done over the range 5-1000 μg/L and the limit of quantitation set
at 5 μg/L. Within- and between-day precision, expressed as relative
standard deviation (RSD) were 2-10% and 2%, respectively, and
recoveries ranged from 84 to 109%, with RSD e 6%. Acrylamide in
the cookies was extracted and analyzed by LC-ESI-MS, using the
method of Arribas-Lorenzo et al.20
Determination of PM and Target AA-PM Reaction Pro-
ducts. Pyridoxamine was quantified by LC-fluorescence spectroscopy
according to Arribas-Lorenzo and Morales.20 Samples from the reaction
mixtures and isolated fractions were passed through a nylon filter of
0.45 μm pore size and a 10 μL aliquot of each injected into a Kromasil
column (250mm 4mm, 5μm) from Sugerlabor (Madrid, Spain). The
samples were appropriately diluted with distilled water and eluted in a
gradient consisting of 10 mM heptafluorobutyric acid (HFBA) in water
(phase A) and 100% acetonitrile (phase B) at 1 mL/min. The column
was equilibrated in 95% phase A and 5% phase B. The elution program
was as follows: time 0-1 min, 5% B; time 10 min, 20% B; time 11 min,
40% B; time 12 min 40% B; time 20 min, 5% B; and time 45 min, 0% B.
Chromatograms were acquired at an excitation wavelength of 290 nm
and an emission wavelength of 395 nm. Calibration was done over the
range 10-1000 ng/mL and the limit of quantitation set at 50 ng/mL.
Precision was better than 3% and recoveries ranged from 95% to 105%.
In addition to fluorescence measurements, a DAD detector with a
reference wavelength of 290 nm was used to identify AA-PM reaction
products. A Shimadzu LC system (Kyoto, Japan) equipped with an LC-
20AD pump, an SIL-10ADvp autosampler, a CTO-10ASVP oven, an
SPD-M20A diode array detector, and an RF-10AxL fluorescence
detector controlled by a CBM-20A communication bus module was
used for this purpose.
Isolation and Purification of AA-PM Adducts. Obtaining
adequate amounts of some AA-PM adducts for their structural
characterization required scaling up the reaction model to 1 g of
acrylamide and 0.72 g of pyridoxamine. The mixture was dissolved in
100 mL of 0.1 M sodium phosphate buffer at pH 6.8, heated at 140 C
for 20 min and then rapidly cooled down and filtered for LC analysis.
Two semipreparative chromatographic methods were used. In the flash
chromatography method, the reaction mixture was neutralized with
NaHCO3 and washed with ethyl acetate (3 10mL) to remove residual
acrylamide. The solvent (water) was removed from the aqueous layer
under reduced pressure and the reaction crude dissolved in methanol.
Any inorganic salts formed in the neutralization reaction were removed
by filtration, as was methanol under reduced pressure. The resulting
crude was purified, first by flash column chromatography (ethyl acetate/
ethanol gradient from 8/2 to 5/5) and then by preparative TLC
with methanol as eluent, which allowed two purified fractions to be
obtained. Reaction mixtures were also chromatographed over a semi-
preparative column (Spherisorb ODS-2, 25  1 cm, 5 μm, Tecknokro-
ma, Barcelona, Spain) at a flow rate of 2.2 mL/min, using two different
mobile phase compositions. One consisted of (A) 10 mM HFBA in
water (95:5) and (B) acetonitrile. The elution program was as follows:
time 0-1 min, 5% B; time 10 min, 20% B; time 11 min, 40% B; time
12 min 40% B; time 20 min, 5% B; and time 45 min, 0% B. The other
eluant consisted of 0.1% aqueous trifluoroacetic acid (TFA) and was
used in the isocratic mode. In both procedures, data were acquired by
using the DAD detector (190-500 nm) at an excitation wavelength of
290 nm and an emission wavelength of 395 nm. The chromatographic
peaks corresponding to the target compounds were collected from
repeated injections.
Mass Spectrometry. The isolated AA-PM adducts were dis-
solved in water before injection into the mass spectrometer. Samples
were then directly infused at a rate of 0.2 μL/min and data acquired for
3 min. Analyses were done on a Varian 1200 L triple quadrupole mass
spectrometer equipped with an atmospheric pressure ionization (API)
source using electrospray ionization (ESI) (Walnut Creek, CA, USA).
The operating conditions were as follows: drying gas pressure, 30 psi;
nebulizing pressure, 60 psi; drying gas temperature, 400 C; and API
housing temperature, 60 C. The capillary voltage was set at 40 V.
Nitrogen was used as both desolvation cone gas and nebulization gas,
and argon at a collision cell pressure of 2.1 10-9 Torr was employed as
collision gas. The mass spectrometer was programmed to acquire a full
mass spectrum and an MS/MS spectrum of the most intense ion, using
variable collision energies for each transition. Spectra were recorded in
the positive ion mode over the m/z range 10-600.
High-resolution mass spectrometry was performed on an Agilent
1200 series LC system comprising a quaternary pump with integrated
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degasser, thermostatted autosampler, thermostatted column compart-
ment, and diode array detector, and coupled to an Agilent 6530
Accurate-Mass Quadrupole Time-of-Flight (Q-ToF) LC/MS with
ESI-Jet Stream Technology (Agilent Technologies, Waldbroon,
Germany). A Zorbax Extend C18 RRHT column (2.1  50 mm,
1.8 μm, Agilent Technologies, Waldbroon, Germany) was used. Each
sample (10 μL) was injected and separated isocratically by using a
mobile phase consisting of 90% water and 10% acetonitrile, both
containing 0.1% formic acid, at a flow rate of 0.4 mL/min. Identification
and characterization were done by MS and MS/MS. The Q-ToF
acquisition conditions were as follows: 4 GHz, mass range <1700 m/
z, positive polarity, drying gas volume and temperature 8 L/300 C,
sheath gas volume and temperature 11 L/350 C, nebulizer pressure
45 psi, cap voltage 3500 V, nozzle voltage 1000 V, and fragmentor
voltage 100 V. MS/MS runs for the target adducts were done with
collision energies from 5 to 75 V. ToF-MS resolution was >10,000
(m/z 118) with a mass error of 2 ppm. Data acquisition and qualitative
analysis were performed with the aid of MassHunter Workstation
Software (versions B.02.01 and B.03.01, respectively) from Agilent
Technologies (Waldbroon, Germany).
Nuclear Magnetic Resonance Spectroscopy (NMR). 1H
NMR and 13C NMR spectra were recorded on a Bruker 200 spectro-
meter (Ettlingen, Germany), using D2O solutions at room temperature.
Chemical shifts are given in parts per million (ppm) and referred to
the peak for a drop of added methanol (δ 3.34 for H NMR and δ 49.5
for C NMR) as internal reference. Singlets are denoted by s and triplets
by t.
IR Spectra. IR spectra were recorded over the wavenumber range
4000-200 cm-1 on a Bruker IFS 66v/S spectrophotometer (Ettlingen,
Germany), using potassium bromide disks.
Absorption Spectra. UV-vis spectra for the reaction mixtures
were recorded by using a plate reader (BioTek Instruments, VT)
furnished with a quartz 96-well microplate (Biogen Científica, Madrid,
Spain). All samples were diluted prior to measurement.
Fluorescence Spectra. Fluorescence emission and excitation
spectra were recorded on an SMF-25 fluorescence spectrofluorimeter
(Kontron Instruments, Milan, Italy), using quartzglass cuvettes (QS-
1000 Suprasil, Hellma GmbH & Co, Germany) of 1 cm light path.
3,30-(((3-Hydroxy-5-(hydroxymethyl)-2-methylpyridin-4-
yl)methyl)azanediyl) dipropanamide (AA-PM-1). 1H NMR
(200 MHz, D2O): δ 2.38 (s, 3 H, CH3), 2.55 (t, 4 H, J = 6.9 Hz, 2 
CH2CO), 2.91 (t, 4 H, J = 6.9 Hz, 2 CH2-N), 3.98 (s, 2 H, Ar-CH2-
N), 4.61 (s, 2 H, CH2-OH), 7.74 (s, 1 H, Ar-H), (OH, NH not
observed) ppm. 13C NMR (50 MHz, D2O): δ 18.0 (CH3), 32.6
(CH2CO), 49.8 (CH2-N), 51.7 (Ar-CH2-N), 60.2 (CH2OH),
131.6, 133.9, 135.6, 147.6, 149.0 (C-Ar), 177.6 (CO) ppm. MS
(ESI): m/z 311 [nominal mass, [M þ H]þ]. Q-ToF: m/z 310.1627
(calcd for C14H22N4O4, 310.1641). IR (KBr): 3500-3100 (s, νOH, NH),
2930 (w, νCH), 1675 (s, νCdO), 1572, 1414 (s, νCdC,C-C,CdN), 1106
(m, νC-OH, C-N), 652 (w), 469 (w) cm
-1. UV λmax = 285 nm.
Fluorescence: max excitation 329 nm (at λem = 395 nm); max emission
370 (at λex = 290 nm). TLC solvent system: methanol, Rf = 0.5.
3-(((3-Hydroxy-5-(hydroxymethyl)-2-methylpyridin-4-yl)-
methyl)amino) propanamide (AA-PM-3). 1H NMR (200
MHz, D2O): δ 2.32 (s, 3 H, CH3), 2.54 (t, 2 H, J = 6.4 Hz, CH2CO),
3.00 (t, 2 H, J = 6.4 Hz, CH2-N), 4.00 (s, 2 H, Ar-CH2-N), 4.57 (s, 2 H,
Ar-CH2-OH), 7.53 (s, 1 H, Ar-H), (OH, NH not observed) ppm. 13C
NMR (50 MHz, D2O): δ 18.6 (CH3), 33.9 (CH2CO), 43.8 (CH2-N),
44.9 (Ar-CH2-N), 60.4 (CH2OH), 132.2, 133.4, 133.7, 147.0, 150.0
(C-Ar), 177.1 (CO) ppm. MS (LC-MS): 240 [nominal mass, [M þ
H]þ]. Q-ToF: m/z 239.1265 (calcd for C11H17N3O3, 239.1269). IR
(KBr): 3500-3100 (s, νOH, NH), 2956, 2927 (w, νCH), 1670 (s, νCdO),
1569, 1444, 1418 (s, νCdC,C-C,CdN), 1130 (s, νC-OH, C-N), 618 (w),
472 (w) cm-1. UV λmax= 307 nm. Fluorescence: max excitation 317 nm
(at λem = 395 nm); max emission 370 nm (at λex = 290 nm). TLC
solvent system: methanol, Rf = 0.2.
Statistical Analysis. The results given are the means of two or
more independent determinations. Differences with P < 0.05 were
considered to be statistically significant as per Tukey’s test. Microcal
Origin, version 7.5, fromOrigin Lab Corp. (North Hampton, MA, USA)
was used for statistical computations.
’RESULTS AND DISCUSSION
In a previous study, our group concluded that PM is a potent
scavenger of dicarbonyls, which are precursors in the formation
of AA.20 Therefore, PM is an effective inhibitor of AA formation
via an indirect mechanism. No alternative, direct mechanism for
the interaction between PM and AA was considered in the
previous study, however.
Acrylamide Disappearance from AA-PMModel Systems.
As can be seen from Figure 1, the rate of disappearance of AA in
the presence of PM in phosphate buffer increased as heating
progressed, simultaneously with the appearance of new peaks in
the chromatographic profile for acrylamide. These results suggest
that PM may react with AA in a direct manner to form specific
reaction products. However, heating acrylamide in the phosphate
buffer used as control caused its concentration to decrease by
nearly 15% after a long enough time even though evaporation
was negligible. This is consistent with reported evidence of
residual acrylamide polymerization in the presence of phosphate
buffer.15,24
The effect of the mole ratio of acrylamide to pyridoxamine was
also studied and AA found to disappear in proportion to the
amount of PM present in the reaction medium. Acrylamide
disappearance peaked at 92 ( 3% at a mole ratio of 1:1 (141
μmol, AA/PM). The next step was thus to identify and char-
acterize the main products of the reaction between AA and PM.
AA-PM Adduct Formation. Mixtures of AA and PM in
0.1 M sodium phosphate buffer at pH 6.8 at 140 Cwere allowed
to react for 0, 5, 10, 20, 30, or 40 min and then analyzed by LC
with fluorescence (λex 290 nm, λem = 395 nm) and diode array
detection (290 nm, scan range 190-500 nm). Since AA-PM
adducts were expected to share the fluorescence properties of
Figure 1. Acrylamide disappearance from the reaction systems on
heating at 140 C in the presence (9) and absence (0) of pyridoxamine.
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PM-derived structures, the time course of the reaction was
monitored fluorimetrically. Figure 2A shows a number of new
peaks for the heated reaction mixtures in addition to those for
PM. Four major peaks at different elution times were selected as
targets, namely, AA-PM-1 (9.7 min), AA-PM-2 (10.1 min),
AA-PM-3 (11.0 min), and AA-PM-4 (12.2 min). These AA-
PM adducts were detectable after only 5 min of reaction.
However, the chromatographic profile was complicated by the
Figure 2. LC chromatograms with fluorescence detection (λex = 290 nm, λem 395 nm) for AA-PM reaction mixtures (140 C/20 min). (A)
Chromatographic profile for AA-PM samples eluted with HFBA (10 mM); (B) elution with 0.1% TFA under semipreparative conditions; (C) elution
of AA-PM-1 and AA-PM-3 with HFBA (10 mM). For chromatographic conditions and description, see text.
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appearance of other, minor peaks probably due to AA-PM
adducts at different stages of chemical reorganization as heating
was prolonged. Adducts AA-PM-3 and AA-PM-4 nearly
coeluted with PM were unresolved at baseline and decreased
with time.
Although unreacted pyridoxamine was detected at RT 11.8 min,
neither pyridoxal nor pyridoxine was detected as degradation
products. The kinetic study showed that the PM peak decreased
as the AA-PM-1 and AA-PM-2 peaks increased during the first
20 min; beyond that point, however, both adduct peaks de-
creased as well (results not shown). Interestingly, the retention
times for AA-PM-1 and AA-PM-2 were suggestive of de-
creased hydrophobicity relative to that of PM. Various strategies
including altering the solvent composition, polarity, and gradient
profile were tested in order to improve resolution between
adducts. The best conditions for this purpose are described
under Experimental Procedures.
Isolation and Purification of the Major AA-PM Adduct.
The next step was to isolate and purify the target reaction
products (AA-PM adducts) chromatographically for structural
elucidation. A 100 times more concentrated AA-PM reaction
system was prepared in order to obtain large enough amounts of
the adducts for structural elucidation. Initially, we focused on
isolating AA-PM-1, which was obtained in large amounts and
well-resolved from PM. Adduct purification was accomplished by
semipreparative chromatography as described under Experimen-
tal Procedures.
The target peaks obtained by direct chromatographic separa-
tion of the reaction mixtures under semipreparative conditions
with HBFA were unresolved at baseline, which precluded the
collection of fractions. However, replacing HBFA with TFA as
mobile phase provided four well-resolved peaks (Figure 2B). The
peaks were collected and subsequently rechromatographed in
HFBA, the results confirming that the first (RT 11 min)
corresponded to unreacted PM, the second (RT 17.37 min) to
a mixed fraction of AA-PM-1 and AA-PM-3, the third to AA-
PM-4, and the fourth to AA-PM-2. Figure 2C testifies to the
presence of AA-PM-1 and AA-PM-3 in the second peak
(RT 17.37 min) when chromatographed in HFBA. These two
fractions were thus used for structural identification.
Structural Characterization of AA-PM Adducts. Adduct 1
(AA-PM-1). The electrospray ionization (ESI) mass spectrum in
the positive ion mode exhibited two ion peaks at m/z 311 and
333 (Figure 3A) corresponding to the molecular ion [Mþ H]þ
and the adduct ion [M þ Na]þ, with M = 310. The molecular
weight coincided exactly with the combination of one pyridox-
amine unit linked to two acrylamide molecules, which suggests
that AA-PM-1 was a dimer-AA adduct of PM. Also, the MS/
MS fragments in the QqQ mass spectrum exhibited product ion
peaks atm/z 240, 152, 134, and 101, which can be ascribed to the
loss of one acrylamide unit, a PM deamination product from the
ion atm/z 240 as previously reported by Voziyan et al.,17 the loss
of an alcohol group from the ion at m/z 152, and cleavage of a
pyridoxamine ring or the loss of C3H3N from the ion atm/z 152
(Figure 3B). The exact mass of the product was determined by
high-resolution MS to be 310.1627, which corresponds to
C14H22N4O4. These results show that PM reacts in a direct
manner with AA. The structure was subsequently confirmed by
examining its 1H and 13C NMR spectra. Thus, the 1H NMR
spectrum exhibited two signals at δ 2.55 and 2.91 ppm consistent
with the presence of CH2CO and CH2-N groups; in fact, the
signals were triplet integration of which provided two groups
each. The signals at δ 32.6 and 19.8 ppm in the 13C NMR
spectrum further confirmed the presence of these groups. The
other peaks in the 1H and 13C spectra corresponded to the PM
backbone (Table 1).
On the basis of these results, two molecules of AA bound to
the pyridoxine amine group. This suggests that the most likely
reaction mechanism is 1,4-nucleophilic conjugate addition or
Michael addition (Figure 4) of the amine group in pyridoxamine
to the β carbon in acrylamide (an electrophilic site). Adduct
AA-PM-1 absorbed maximally at 285 nm. As regards the
fluorescence spectra, the profile for PM was identical with that
for the emission scan (λem = 290 nm) but departed somehow
from that for the excitation scan (λex = 395 nm). The IR spec-
trum exhibited the typical absorption bands at 3500-3100 cm-1,
Figure 3. (A) Full (ESI positive) MS spectra for the chromatographic fractions corresponding to adduct AA-PM-1. (B) MS/MS spectra and their
major fragments. MS/MS was performed on the peak at m/z 311.1.
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with a broad stretching band indicating the presence of NH and
OH groups, several strong bands at 1672 cm-1 corresponding to
the carbonyl group of amides, and bands at 1575 and 1414 cm-1
due to the aromatic pyridine ring. The additional bands observed
at 1105 cm-1 can be assigned to the presence of alcohol and
amine/amide groups. On the basis of the foregoing, AA-PM-1
was confirmed to be 3,30-(((3-hydroxy-5-(hydroxymethyl)-2-
methylpyridin-4-yl)methyl)azanediyl)dipropanamide.
Adduct 3. AA-PM-3 exhibited a molecular ion peak at m/z
240 [M þ H]þ in the MS spectrum (results not shown)
corresponding to a molecular weight of 239. This suggests that
it was also an AA-PM adduct but having a single acrylamide
molecule linked to a pyridoxamine unit (i.e., a monomeric
adduct). The MS/MS spectrum for this adduct exhibited signals
for transition ions at m/z 169 (loss of acrylamide), 152 and 134
(same as for adduct 1), and 89. The exact mass was determined
by high-resolution MS to be 239.1265, which corresponds to
C11H17N3O3. The fragmentation pattern was evaluated by high-
resolution fragmentation from the parent ion as depicted in
Figure 5. The 1H and 13C NMR conditions used are described
under Experimental Procedures. Adduct AA-PM-3 exhibited
minor differences in its UV-vis and fluorescence spectra from
AA-PM-3, which suggests the presence of similar chromo-
phores in both. AA-PM-3 may be an intermediate preceding
the formation AA-PM-1 and hence disappearing as the latter
forms. Structurally, AA-PM-3 was confirmed to be 3-(((3-
hydroxy-5-(hydroxymethyl)-2-methylpyridin-4-yl)methyl)amino)-
propanamide.
These results allow us to conclude that PM has the ability to
directly react with AA in the reaction mixture. The process
involves two consecutive Michael additions resulting from a
nucleophilic attack of the amine group in pyridoxamine on the
β carbon of acrylamide to give AA-PM-3, an intermediate
which subsequently leads to AA-PM-1 as the major compound
(Figure 4).
This result confirms the previous findings of other
authors14,15,25 that acrylamide takes part in reactions yielding
addition products.14,15,25 As shown here, the main adduct formed
in the reaction medium consists of two molecules of acrylamide
linked to one of pyridoxamine and may be the result of the
presence of excess AA in the reaction model. This, however, does
not exclude the formation of other, minor adducts.
Regarding the potential of acrylamide adduct formation as a
mitigation mechanism, it has been suggested that the forma-
tion of histidine-acrylamide adducts2 involves alkylation reac-
tions. In line with this statement, there is MS evidence that AA
forms amino acid adducts by Michael addition,13 but the under-
lying reaction mechanism has not been investigated. Recently,
some authors have identified and characterized adducts of AA
with naringenin and niacin, which confirms that these com-
pounds can trap acrylamide directly and reduce its presence as a
result.22,23 There is, however, a lack of appropriate mechanistic
studies.
Evolution of AA-PM Adducts in Cookies. In order to
assess the significance of a direct reaction between AA and PM
in food models, two different cookie doughs containing excess
PM were baked at 190 C for variable lengths of time. Samples
were extracted with water and analyzed for AA and PM. Adding
1% (w/w) PM to the dough reduced the amount of acrylamide in
the cookies by 42%, 88%, 71%, 53%, and 49% after baking for 9,
11, 13, 15, and 17 min, respectively. A similar trend was observed
with 0.5% (w/w) PM except that the inhibitory effect on AA was
less marked. These results are consistent with those of Zeng
et al.,21 who obtained nearly 60% inhibition by adding PM to
food model systems before frying.
Figure 6 shows the time course of AA-PM-1 and AA-PM-3
formation during baking. AA-PM-3 was the predominant
adduct in all cookies, with concentrations roughly 23-fold those
of AA-PM-1. As previously observed in model systems, AA-
PM-3 levels decreased after 11 min of baking. Interestingly, the
higher was the concentration of AA-PM-3, the greater was
the inhibitory effect of PM. Moreover, PM was consumed within
a few minutes of baking in both control and PM-enriched
cookies.
Table 1. 1H and 13C NMR Assignments for Adduct AA-PM-1
group 1H NMR (ppm) 13C NMR (ppm)
CH3 2.38 (s, 3 H, CH3) 18.0
CH2CO 2.55 (t, 4 H, J = 6.9 Hz, 2xCH2CO) 32.6
CH2N 2.91 (t, 4 H, J = 6.9 Hz, 2xCH2-N) 49.8
Ar-CH2-N 3.98 (s, 2 H, Ar-CH2-N) 51.7
Ar-CH2-OH 4.61 (s, 2 H, Ar-CH2-OH) 60.2
Ar-CH 7.74 (s, 1 H, Ar-H) 131.6, 133.9, 135.6, 147.6, 149.0
CO 177.6
Figure 4. Proposed mechanism for the formation of adducts AA-PM-1 and AA-PM-3 in heated model systems of acrylamide and pyridoxamine.
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In this work, two acrylamide-pyridoxamine covalent adducts
(AA-PM-1 and AA-PM-3) were for the first time isolated,
characterized, and identified as the products of a direct Michael
addition reaction between AA and PM. Their formation kinetics
in foods and other structures potentially involved in the process
are currently under investigation. Ongoing research may provide
further insight into potentially effective mechanisms for reducing
acrylamide formation in foods.
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La  determinación  cuantitativa  de  acrilamida  de  las  36  muestras  que  fueron  recogidas  en 
diferentes establecimientos de  la Comunidad de Madrid, se  llevó a cabo mediante el uso de 
LC‐MS.  El  LOQ  fue  calculado  en  25  μg/kg.  El  cálculo  de  la  estimación  de  ingesta  y  la 
contribución de  la misma  se  realizó a partir de dos bases de datos de consumo disponibles, 
MAPA 2007 y AESAN 2006. En base a  los datos del consumo de alimentos publicados por el 
MAPA,  y  teniendo  en  cuenta  el  género,  las  edades,  las  comunidades  autónomas  y  el  nivel 






La  contribución media  de  las  patatas  a  la  exposición  de  acrilamida  en  la  dieta  española, 
partiendo de  la base de datos del MAPA, fue de 0,042 μg/kg peso/día y de 0,117 μg/kg peso 
corporal/día para un escenario de riesgo (percentil 95%). Teniendo en cuenta la base de datos 
de  la  AESAN,  la  estimación media  para  los  adultos  (17‐60  años)  fue  de  0,053  μg/kg  peso 







Los  resultados de este estudio  fueron utilizados de base  científica en el  informe EFSA 2010 
sobre acrilamida “Results on acrylamide levels in food from monitoring year 2008” y EFSA 2011 
“Results  on  acrylamide  levels  in  food  from  monitoring  years  2007‐2009  and  exposure 
assessment”. 
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Dietary exposure to acrylamide from potato crisps to the Spanish population
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Potato crisps are one of the food commodities that contribute most to overall dietary human exposure of
acrylamide. This investigation has estimated the dietary exposure to acrylamide form potato crisps in the Spanish
population. Sampling of potato crisps (n¼ 36) from 16 different producers were carried out in March 2008.
An average level of 740mg kg1 (ranging from 81 to 2622 mg kg1; minimum to maximum) and a median of
592 mg kg1 were obtained. Acrylamide levels in marketed potato crisps have been significantly reduced (nearly to
50%) compared with a previous sampling performed 4 years earlier. The observed signal value (90th percentile)
was 1377mg kg1 with 86% of the samples with acrylamide levels lower than 1000 mg kg1. Dietary exposure to
acrylamide from potato crisp consumption in the total Spanish population was estimated to be 0.042 mg kg1
body weight day1 by using a deterministic approach based on the National consumption database. In a second
study, dietary exposure (based on a 3-day food record) was determined to be 0.053 mg kg1 body weight day1
for the adult population (17–60 years) and 0.142mg kg1 body weight day1 for children (7–12 years). The
contribution of potato crisps to the estimated dietary acrylamide exposure of the Spanish population is moderate
as compared with other European Member States.
Keywords: acrylamide; dietary intake; potato crisps; food contaminant
Introduction
Since the announcement of the presence of acrylamide
in a wide range of foods (Tareke et al. 2002), a large
number of studies have been published and summar-
ized in reviews (Friedman 2003; Wenzl et al. 2003;
Taeymans et al. 2004; Zhang et al. 2005) where
basically acrylamide levels can be seen to depend on
the raw materials, additives and processing parameters.
Acrylamide is clearly genotoxic and carcinogenic in
studies in animals and it causes increased tumour
incidence at a variety of sites (International Agency
for Research on Cancer (IARC) 1994; European
Commission 2000). The IARC has classified
ACRYLAMIDE as ‘probably carcinogenic to
humans (IARC Group 2A)’. The margin of exposure
(MOE) is calculated by dividing the toxicity estimate
from animal experiments by the estimated intake from
food. Consequently, the lower the MOE, the greater
is the public health concern. The MOEs were thus
calculated to be 300 for the general population and just
75 for high consumers, including children. It is
concluded that acrylamide in food is a potential
public health hazard (Food and Agricultural
Organization/World Health Organization (FAO/
WHO) 2005). The Scientific Committee of the
European Food Safety Authority (EFSA) (2005),
which also endorses a MOE approach for compounds
that are both carcinogenic and genotoxic, is of the view
that a MOE of 10,000 or larger would be of low
concern from a public health point of view and might
be considered as a low priority for risk-management
actions (HEATOX project, final report, April 2007).
Toxic effects have been evaluated by the IARC (1994),
World Health Organization/Joint Expert Committee
on Food Additives (WHO/JECFA) (2005), reported in
special issues (i.e. Mutation Research 2005), and its
nutritional risk evaluated (Alexander 2006). A com-
prehensive review of acrylamide toxicity including
mechanisms and risk assessment has recently
appeared (Shipp et al. 2006; Parzelfall 2008). Lastly,
EFSA experts meeting on acrylamide (on 22–23 May
in Tabiano, Italy) agreed to maintain the level of
concern and to revise the situation in 2009 with new
epidemiological data.
Potato products, such as crisps and French fries,
are among the major contributors to the acrylamide
daily intake, especially for children and teenagers
(Wilson et al. 2006). Many studies have been accom-
plished to find strategies to minimize the levels of
acrylamide, such as controlling the levels of reducing
sugars in fresh tubers (Amrein et al. 2004; Mattha¨us
et al. 2004), agronomical factors (Noti et al. 2003),
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applying appropriate storage conditions (De Wilde
et al. 2005), modifying soaking or blanking (Pedreschi
et al. 2004), reducing frying temperature and time
(Gertz and Klostermann 2002; Kita et al. 2004;
Franke et al. 2005), and the addition of additives
(Mestdagh et al. 2008) or cations (Go¨kmen and
S enyuva 2007). Alternatives to traditional frying such
as vacuum frying (Granda et al. 2004) or combined
pre-treatment by microwave heating (Erdogdu et al.
2007) or pre-frying (Pedreschi et al. 2007) have been
proposed. The subject has been recently reviewed by
Morales et al. (2008).
The JECFA estimated that the major contributing
foods to total human exposure to acrylamide for most
countries are potato chips (French fries, 16–30%),
potato crisps (chips, 6–46%), coffee (13–39%), pastry
and sweet biscuits (cookies, 10–20%), bread, rolls and
toast (10–30%) and others (510%). It concluded that
based on national estimates, an intake of acrylamide
of 1 mg kg1 body weight day1 could be taken to be
representative as the average for the general popula-
tion and that an intake of 4 mg kg1 body weight day1
could be taken to represent consumers with a high
intake, including children. Estimating consumer expo-
sure to acrylamide is a high priority for governments
and industry alike where new exposure models have
been recently developed that provide estimates of
exposure of typical consumers and extreme consumers
as well (Dybing et al. 2005).
In 2007, the European Commission (2007) made
recommendations to monitor levels of acrylamide in
certain food categories. These data will be compiled by
Members States and reported to EFSA on a yearly
basis for the next three years. Activities have not been
equal across the European Union since overall dietary
exposure has only been estimated for a certain
numbers of Member States. In Spain, like many
other Mediterranean countries, estimation has not yet
been undertaken. It might be anticipated that there will
be considerable differences between European Union
countries due to differences in food consumption
habits, including traditional foods.
Given the popularity of potato crisps, particularly
among younger age groups, it is important to assess the
daily intake of acrylamide from crisps in the Spanish
diet. In parallel it is also relevant to obtain a picture of
the current situation and monitoring progress in
minimization strategies applied at the industrial
level and to compare the intake with other European
Union Member States before a further decision on
risk management. This investigation presents a survey
on commercial potato crisps in Spain and its contribu-
tion to the daily intake of acrylamide based on two
exposure models as a comprehensive step to afford a




All chemical used were of an analytical grade and
obtained from Sigma-Aldrich (St Louis, MO, USA),
unless mentioned otherwise. 13C3-acrylamide (isotopic
purity¼ 99%) was from Cambridge Isotope Labs
(Andover, MA, USA). Oasis-HLB cartridges (30mg,
1ml) were from Waters (Milford, MA, USA).
Samples
Experiments were conducted with a series of commer-
cial potato chips (36 brands from 16 producers)
randomly purchased from different supermarkets
between 10 and 18 March 2008. In this period stored
potatoes were likely used by producers. Samples from
the same brand containing different flavourings and/or
added spices were not included in the sampling since
frying variables and raw material should be similar.
Samples (200–500 g) were mixed and thinly sliced to
assure a homogeneous distribution of potential hot-
spots. A portion (200 g) was distributed in four
containers and stored under vacuum and light pro-
tected at 4C until analysis.
LC-ESI-MS determination of acrylamide
Sample preparation as described by S enyuva and
Go¨kmen (2006) was used with minor modifications.
A finely ground sample (0.450 g) was then weighed
into a 10ml centrifuge tube. The sample was spiked
with 100 ml 13C3-labelled acrylamide (10mgml
1)
for recovery, and 5ml of Milli-Q water were added.
The mixture was then vortexed, kept for 5min at
room temperature and subsequently homogenized
for 1min (Ultraturrax). Then, 750 ml Carrez I and
750 ml Carrez II solution were added, vortexed and left
to stand for 10min. Tubes were centrifuged at
5000 rpm for 15min at 4C. The clear supernatant
(1ml) was clarified onto a pre-conditioned HLB
cartridge. The first drops were discharged and the
rest of the eluate was collected in amberlite vials for
analysis.
Liquid chromatography-electrospray ionization-
single quadrupole mass spectrometry (LC-ESI-MS)
analyses were performed as described by Rufian-
Henares et al. (2007) with minor modifications
(Morales and Arribas-Lorenzo 2008) using an Agilent
1100 high-performance liquid chromatography
(HPLC) system (Waldbronn, Germany) consisting of
a quaternary pump, an autosampler and a tempera-
ture-controlled column oven, coupled to an
Agilent 1100 MS detector equipped with an electro-
spray ionization interface. The analytical separation
was performed on an Inertsil ODS-3 column
(250 4.6mm, 5mm) using an isocratic mixture of


































0.2% aqueous solution of formic acid at a flow rate of
0.6mlmin1 at 25C. Data acquisition was performed,
with a delay time of 8min, in a selected ion-monitoring
(SIM) mode using the following interface parameters: a
drying gas (N2, 100 psig) flow of 12 lmin
1, nebulizer
pressure of 45 psig, drying gas temperatures of 350C, a
capillary voltage of 3 kV and a fragmenter
voltage of 70 eV. Monitored ions were 72.1m/z for
acrylamide and 75.1m/z for 13C3-labelled acrylamide.
An acrylamide calibration curve was built in the
range of 2–100 mg l1 and a limit of quantification
was determined to be 25 mg kg1 for potato crisps. The
method was in-house validated for linearity,
precision and recovery. Furthermore, the accuracy
was recently demonstrated for potato crisps in an
interlaboratory comparison study launched by
Institute for Reference Materials and Measurements
(IRMM), yielding a z-score of –0.5. Precision (repro-
ducibility) was lower than 12% and recovery was
between 84 and 109%. The analyses are integrated
within the scope of a certified laboratory controlled by
AENOR (the Spanish Association for Standardization
and Certification).
Food consumption data
In order to calculate the dietary intake of acrylamide
from potato crisps, two different food consumption
data were used. A first exposure study was carried out
from the Spanish National Agricultural, Fishing and
Food Administration (Ministerio de Agricultura,
Pesca y Alimentacio´n (MAPA)) based on a yearly
consumption database. It is a food survey annually
published (MAPA 2007). This is the most recent
measurement of dietary consumption in Spain at a
national level. In this survey data were collected from
8240 interviews to non-institutionalized households
and 898 interviews to restaurants, catering services,
and institutions (hospitals, public schools, penitenti-
aries, etc.), covering the year 2006. The statistical
universe of the study compiled a balanced, representa-
tive and stratified probability sample of the Spanish
population taking into account gender, ages, regions,
socio-economic status, among others. An average body
weight of 70 kg was used to estimate the total daily
intake of acrylamide to the total population and
expressed as mg kg1 body weight day1. A second
exposure study was calculated from food consumption
data survey from the National Food Safety and
Nutrition Agency in Spain (Agencia Espan˜ola de
Seguridad Alimentaria (AESA) 2006). This study
was elaborated in 2003 with Food Frequency
Questionnaires over 1963 subjects from zero to 60
years grouped in six age levels (41, 1 to 2, 2 to 7,
7 to 12, 12 to 17, and 417 years) in three
consecutive days.
Statistical analysis
Analyses were performed using Statgraphics Plus,
version 5.1, 2001 (Statistical Graphics Corp.,
Rockville, MD, USA). At least two independent
analyses were carried out per sample.
Results and discussion
Thirty-six classical potato chips from 16 different
producers, without flavour or species added, were
analysed for acrylamide content. Acrylamide content
ranged from 81 to 2622 mg kg1 with a mean of
740 mg kg1 and a median of 592 mg kg1. Similar
values were reported by other authors (Rose´n and
Hellena¨s 2002; Tareke et al. 2002; Becalski et al.
2003; Roach et al. 2003; Matthys et al. 2005)
who found that acrylamide levels ranged between
224 and 3700 mg kg1. Recently, a survey on acrylamide
levels in potato crisps in the Turkish market
showed a median level of 818 mg kg1 (minimum–
maximum¼ 59–2336) (O¨lmez et al. 2008). The
IRMM developed a monitoring database which
was last updated in June 2006 (IRMM 2006;
Wenzl and Anklan 2007). A median level of
528 mg kg1 (minimum–maximum¼ 5–4215 mg kg1,
n¼ 836) is reported which is in line with values obtained
in current survey. Results are also in concordance with
the monitoring database (2002–04) from the US Food
and Drug Administration (USFDA) with a mean of
612 mg kg1 and a median of 462mg kg1 (http://
www.cfsan.fda.gov). Figure 1 shows the acrylamide
distribution in the survey. All samples analysed
contains acrylamide levels higher than the limit of
quantitation (LOQ).
However, levels of acrylamide in potato crisp


















Figure 1. Box-and-Whisker plot (a) and distribution graph
for the acrylamide content in Spanish potato crisps. An
empty bar represents samples declared as having a low fat
content (525%) by industrials. Dotted lines represent media
and the observed signal value.


































compared with a previous sampling dated 2004
(Rufian-Henares and Morales 2006). In the 2004
sampling, a median and mean of 1180 and
1484 mg kg1 were obtained, whereas nearly a 50%
reduction is reached in the current study. In addition,
values for the first and third quartiles are diminished
as well, subsequently minimizing the heterogeneity
of the distribution (Figure 2).
Acrylamide reduction was analytically confirmed in
the potato crisps marketed in Spain as compared with
4 years ago. Toolbox from the CIAA (Confederation
of the Food and Drink Industries in the European
Union) compiles a number of recommendations for
effective acrylamide mitigation at industrial scale
which seems to be effective among Spanish potato
crisps producers (CIAA 2007). However, implementa-
tion of the Toolbox guidelines to Small and Medium
enterprises is a challenge where accessibility to
information is mediated by local federations of
producers. Guidelines are focused on agronomical
factors, storage conditions, pre-treatment and proces-
sing conditions. At this level it cannot be stated if
acrylamide reduction in the Spanish potato crisps
market has been due to implementation of one
guideline or it is a sum of all of them. The selection
of an adequate potato tuber variety with a reducing
sugars content lower that 0.3% is appropriate for
potato crisps (CIAA 2007). It is also noteworthy to
mention that the Spanish Food Safety and Nutrition
Agency (AESAN) has implemented a global strategy
called NAOS to reduce the consumption of fat.
According to the package label as declared by
companies, six samples (approximately 17% of the
total) contained levels of fat lower than 25% and
claims for light potato crisps in the container. Indeed,
fat content was the variable with a higher dispersion
among the samples if compared with protein and
carbohydrate content. However, it was found any
significant correlation between fat content and levels of
acrylamide. Samples with low fat content are also
depicted in Figure 1.
The WHO/JEFCA and the Scientific Panel on
Contaminants in the Food Chain (CONTAM) of the
European Union aimed to investigate strategies to
reduce acrylamide formation by implementing the
ALARA principle (as low as reasonably or technically
achievable). The German Federal Office of Consumer
Protection and Food Safety (BVL) stated a signal
value 1000mg kg1 for potato crisps as a concept of
minimization (BVL 2006). The signal value is defined
as the lowest level of the 10% containing the highest
level of acrylamide in a food commodity. If acrylamide
contents were above this signal value, food producers
should be recommended to take adequate actions to
lower such contents, but at present there are no
regulations or an obligation in European countries.
Since 2002, the BVL published yearly the observed
value for potato crisps being 1500, 1200, 1470, 1029,
and 1333mg kg1 for the years 2002, 2003a, 2003b,
2004 and 2005, respectively. If the German minimiza-
tion concept is applied to the Spanish potato crisps
survey, most of the samples (86%) contained acryla-
mide levels lower than 1000 mg kg1. However the
observed value was calculated to 1377 mg kg1, being
about 61% lower than value recorded in the 2004
sampling.
To monitor progress in the minimization strategies
by industrials, it is useful to define limits for quality
control. Three levels can be identified: acceptable
(below the 50th percentile), under evaluation (50th–
90th percentiles) and unacceptable (490th percentile)
(Figure 1). Samples lying in the upper region should
reconsider the internal quality strategy, for instance
increasing quality controls to fresh potato suppliers.
Many studies demonstrated that it is possible to define
time–temperature processing conditions that guarantee
a low acrylamide concentration and the retention of
sensorial properties in terms of colour, flavour, and
starch gelatinization (i.e. Pedreschi et al. 2006). It is
necessary to adjust the traditional frying conditions,
supervise the process, and improve the traceability of
fresh potatoes during their storage period by potato
suppliers. Monitoring the database of the IRMM that
tends to resemble the situation across Europe Members
States recorded, at the 90th percentile, 1442mg kg1
(Wenzl and Anklan 2007), which is also in line with
the figure reported for the Spanish market.
Dietary intake of acrylamide from potato crisp
The Spanish authorities (Spanish National Agency of
Food Safety and Nutrition, AESAN; http://www.ae
san.msc.es/) have not yet reported mean intake values








Figure 2. Smooth density plot for levels of acrylamide in the
2008 potato crisps sampling and 2004 sampling (Rufian-
Henares and Morales 2006; dotted line).


































for acrylamide for the Spanish population, and the
most contributing food categories are also lacking.
This investigation is a starting point to characterize the
exposure to the potato crisp which is one of the most
contributing food categories to acrylamide intake.
In general, target food categories can be grouped in
three classes according to moderate consumption but a
high concentration of acrylamide (1), foods with high
consumption but relatively low levels of acrylamide (2),
and tailored foods to specific population groups such
as elders or infants (3). Potato crisps have been
identified as a major source of exposure by several
studies (Svensson et al. 2003; Boon et al. 2005; Matthys
et al. 2005). But the contribution of regional and local
foods should be explored, like fried-dough pastries
(Morales and Arribas-Lorenzo 2008). Although the
levels of acrylamide in some of these products are low,
they can contribute significantly to the overall intake
of acrylamide. The intake of acrylamide depends
consequently on the consumption pattern and acryla-
mide levels in foods. The contribution of individual
foods to total exposure can be best identified by the
deterministic approach (Petersen and Tran 2005). Two
different consumption databases have been used for
the estimation of the dietary acrylamide exposure from
potato crisp.
First, exposure assessment was estimated from the
national consumption database monitored during 2006
(MAPA 2007). Although the point estimate (determi-
nistic approach) does not assess the probability or
uncertainties or even does not identify high-risk
consumers since it is based on population and not on
subjects, it is a first approximation and a useful
screening tool in order to design a more specific study
in case of a potential risk. Indeed, many of the earlier
data reported in the literature have been obtained
from generalist food-intake studies for nutritional or
economical monitoring purposes, but they were not
specifically designed for food safety issues (Dybing
et al. 2005). Furthermore, other studies link national
consumption patterns with general acrylamide data-
bases (Boon et al. 2005). In summary, to date a
comprehensive study specifically designed for assessing
the dietary acrylamide exposure is missing due to its
complexity.
During 2006, 16% of fresh potatoes consumed in
Spain were processed, and mostly bought directly by
consumers (84%) as compared with consumption at
restaurants, catering services or institutions (hospitals,
penitentiaries, schools, etc.). It represents an overall
estimation of consumption of 1.44 kg processed potato
products per capita. In this estimation has not been
included the frozen potato products with are mainly
par-fried French fries. The average contribution of
potato crisps to dietary acrylamide exposure in Spain
(assuming a body weight of 70 kg) is calculated to be
0.042 mg acrylamide kg1 body weight day1. One
limitation of the calculation is that a single level of
consumption is used, but it has been compared with
the distribution of acrylamide calculated in the
commercial sampling. The risk scenario (95th percen-
tile) is obtained with a level of 0.117 mg acrylamide
kg1 body weight day1, but this level does not identify
subjects with high consumption patterns. Selecting
high residue levels (95th percentile) in potato crisps will
very likely overestimate the exposure. More realistic
estimates of low and high exposure are obtained by
using probabilistic models (i.e. Monte Carlo model-
ling) that include residues and distribution consump-
tion patterns. As formerly explained, the deterministic
method applied in this study is a useful tool for
estimating the mean exposure of the population to
acrylamide.
The sources of acrylamide in foods vary with
national or even local dietary habits. The contribution
of potato products is high, but can vary among
countries. Table 1 describes the estimation of total
dietary exposure to acrylamide and the contribution
calculated for potato crisps as reported in different
studies. For some other studies, the sum of French
fries, potato crisps, and roasted potatoes is reported.
Potato crisps, French fries and other products are
consumed at relatively high amounts in the USA (35%
of the daily intake of acrylamide) (USFDA 2004), but
it is even higher in the Netherlands with French fries
and crisps taken together contributing up to 50%
(Konings et al. 2003; Boon et al. 2005). In general, the
JECFA has estimated the variability in the contribu-
tion of potato crisps to be between 6 and 46% of the
dietary acrylamide exposure, although recently
Arisseto et al. (2007) reported a contribution of up to
60% of potato products in the Brazilian population.
Dietary acrylamide exposure of Spanish consumers has
been significantly reduced as compared with a previous
study (Morales 2004, unpublished). It is nearly 3.5-fold
lower than in the Netherlands (Konings et al. 2003) but
in line with Sweden (Svensson et al. 2003). According
to the most recent data, the average human intake
is estimated to be 0.4 mg kg1 body weight day1 from
2 years of age onwards. However, intake may vary
widely from 0.3 to 2 mg kg1 body weight day1 or
may reach even 5 mg kg1 body weight day1 at the
99th percentile (WHO/JECFA 2005).
In consumer exposure assessments it is also
important to know whether there are significant
differences among different subgroups of the popula-
tion. National consumption database identify five
classes for indexing according to regions (17 levels
for different Autonomous Communities), the size of
cities (five levels), socio-economic status (four levels),
family members (five levels), and cycle of life (eight
levels). It was observed that there are great differences
depending on the different categories studied, almost
doubling the estimated exposure (Table 2). In a


































simplistic overview, it can be observed that the highest
risk of exposure is recorded for young singles of high
plus medium-to-high socio-economic status living in
large cities in Catalonia. Alternately, the lowest
exposure is expected for large families with children
with a low socio-economic status living in villages
(fewer than 2000 inhabitants) in the Canaries Islands.
The second study for exposure estimation was
applied on the basis of a consumption study performed
on food frequency questionnaires on three consecutive
days to different population groups (AESA 2006).
In this study consumers are divided in two levels to
obtain the average daily intake level of potato crisps.
Regular consumers are identified as subjects with
some consumption of the product and represent the
33.11% of the child population and 21.32% of the
adult population. It also identified the acute consump-
tion at the 97.5th percentile. Table 3 summarizes the
results. Average dietary exposure to acrylamide for
children is 2.6-fold the exposure for adults. This is









weight day1) Age (years)
USA US Food and Drug
Administration (USFDA)
(2006)
0.440 11 0.045 42
Sweden Svensson et al. (2003) 0.500 9 0.045 18–74
Netherlands Konings et al. (2003) 0.480 31 0.149 1–97
Netherlands Konings et al. (2003) 1.040 31 0.322 7–18
Netherlands Boon et al. (2005) 0.5 15 0.075 1–97
Netherlands Boon et al. (2005) 1.1 18 0.198 1–6
Norway Dybing and Sanner (2003) 0.490 18 0.086 16–79 8
Norway Dybing and Sanner (2003) 0.460 17 0.080 6–79 9
Norway Dybing and Sanner (2003) 0.530 40 0.212 10–30 8
Germany Mosbach-Schulz et al. (2003) 0.987 38* 0.371* 7–14
Germany Mosbach-Schulz et al. (2003) 0.573 29* 0.166* 19–64
Belgium Matthys et al. (2005) 0.513 12 0.062 13–18
Brazil Arisseto et al. (2007) 0.550 60* 0.330* 11–17
France Agence Franc¸aise de Se´curite´
Sanitaire des Aliments
(AFSSA) (2005)
1.400 26* 0.357* 3–8
France AFSSA (2005) 0.500 32* 0.161* 9–14
France AFSSA (2005) 0.500 24 0.122 415
Spain Morales (unpublished, 2004) 0.409 22 0.090 Total
*Sum of the contribution of potato crisps, French fries and roasted potatoes.
Table 2. Contribution of potato crisps to the dietary exposure to acrylamide (mg kg1  body weight day1) for the total Spanish
population according to different categories based on household consumption. Total national included the consumptions of
household plus institutions plus restaurants.
Category Class Acrylamide exposure
Total national 0.042
Household national Level 0.035
Autonomous community Minimum Canary Islands 0.023
Maximum Catalonia 0.046
Population size Minimum 52000 inhabitants 0.026
Maximum 4500,000 inhabitants 0.041
Socio-economic status Minimum Low 0.023
Maximum High plus medium-to-high 0.046
Family members Minimum Five or more subjects 0.026
Maximum One subject 0.055
Cycle of life Minimum Couples with kids (57 years)
and couples with sons (417 years)
0.029
Maximum Young singles 0.064
Results are expressed as mg kg1  body weight day1 on a body weight basis of 70 kg.


































expected due to a combination of lower body weight
and higher caloric demand giving a higher net
consumption, but also by a different dietary pattern
with a higher consumption of certain foodstuffs rich
in acrylamide such as French fries and potato crisps
(Dybing et al. 2005; Wilson et al. 2006). It is thus clear
that certain subgroups demonstrate an especially high
exposure to acrylamide. This ratio is in line with that
compiled by earlier studies (EFSA 2005; WHO 2005).
In the worst scenario the highest intake will be 1.064
and 0.602 mg kg1  body weight day1 for children and
adults. In 2004, our group estimated the contribution
of potato crisps to total dietary intake to be 22%
(Morales unpublished 2004). In the assumption that
the pattern will be maintained, a risk intake
(97.5th percentile) of 3.01 mg kg1  body weight day1
is expected which is lower than 4 mg kg1 body weight
day1 calculated by WHO (2005).
Average levels of acrylamide exposure determined
by the food consumption database (adult population¼
0.053 mg kg1 body weight day1) and 3-day food
records (total population¼ 0.042 mg kg1 body weight
day1) studies are rather similar, and both values are
low when compared with other countries (Table 1).
Again, it is noteworthy that the expected exposure of
the Spanish population to acrylamide from potato
crisps is moderate. But industry should keep inspect-
ing and control the process chain to reduce, if still
technically possible, the levels of acrylamide in the
final product to achieve the lowest contribution of
potato crisps to global exposure to acrylamide in the
Spanish population. However, patterns of consump-
tion are rather different among the Spanish regions
and some effort should be addressed by local
administrations to reduce potato crisp consumption
in regions with acute exposure levels, although
globally the exposure is moderate as compared with
other countries. It is mandatory in the near future
to design a specific consumer study for acrylamide.
In the study, foods that are known to be potential
sources for acrylamide should be clearly identified.
On the other hand, there is a need to maintain a
balance between health-promoting and nutritional
components of the foods with minimization strategies
to reduce acrylamide exposure, apart from sensorial
properties accepted by consumers. Before any propo-
sal of risk management or intervention by regulatory
bodies, a critical evaluation of the situation is
necessary.
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(natural,  torrefacto  y mezcla)  y  los  café  solubles,  comercializados  en  España,  y  evaluar  su 
contribución a la ingesta diaria de HMF en la población española.  
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E-mail address: fjmorales@if.csic.es (F.J. Morales).5-Hydroxymethylfurfural (HMF) is naturally formed during food processing or cooking activities, giving
its ubiquity in the Western diet. HMF could be metabolised to 5-sulfooxymethylfurfural making HMF
potentially harmful in an extent unknown at present. Coffee is the main exposure source. Occurrence
of HMF, 5-hydroxymethyl-2-furoic acid (HMFA) and 2-furoic acid (FA) were measured in commercial
ground coffee and soluble coffee marketed in Spain. Levels of 110, 625, 1734, 2480 mg HMF/kg were
obtained for natural, blend, torrefacto and soluble coffee, respectively, giving four classes significantly
different. Soluble coffee showed the largest variability in HMF. Levels of HMFA and FA did not change sig-
nificantly being about 600 mg/kg. Dietary exposure to HMF coffee to consumption in the total Spanish
population was estimated to be 8.57 mg/day by using a deterministic approach. However, median level
was recalculated to 5.26 mg HMF/day when specific contribution of each type of ground and soluble cof-
fee in the consumption habits was considered. Resultant value is above of the threshold of concern
(1600 lg HMF/day, mTAMDI). A level of 8.57 mg HMF/day in persons with high consumption habits
(95th percentile) was calculated for risk assessment.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
During heat processing of foods, a complex set of chemical and
biochemical reactions are taking place which will definitively af-
fect the final properties of food, including organoleptical, textural,
nutritional and health-related properties (O’Brien and Morrissey,
1989). It is known that potential toxic compounds are formed
during the extent of the browning reactions in foods such as het-
erocyclic amines or acrylamide. But toxicology and genotoxicity
of other substances like furfurals and related substances which
are formed in large quantities from both sugar dehydratation
and Maillard reaction are still under evaluation (EFSA, 2005;
NTP, 2008).
Hydroxymethylfurfural (HMF) has been shown to be bioactivat-
ed in vitro to 5-sulfooxymethylfurfural (SMF), through sulfonation
of its allylic hydroxyl functional group, catalysed by sulfotransfe-
rases (SULTs). In the resulting ester, the sulphate is a good leaving
group, thus producing a highly electrophilic allyl carbocation,
which could be stabilized by distribution of charges on the furan
ring (Surh and Tannenbaum, 1994). SMF has been demonstrated
to induce genotoxic and mutagenic effects to bacterial and mam-
malian cells (Glatt and Sommer, 2006). The subsequent interactionll rights reserved.
CSIC, José Antonio Novais 10,
91 549 36 27.of this reactive intermediate with critical cellular nucleophiles (i.e.,
DNA, RNA, and proteins) may result in structural damages to these
macromolecules, thereby causing toxicity and mutagenicity,
although its occurrence in vivo has not been confirmed yet (Glatt
and Sommer, 2006; Janzowski et al., 2000). HMF has been identi-
fied as initiator and promoter of colon cancer in rats (Zhang
et al., 1993) and nephrotoxicity (Bakhiya et al., 2009). But extrap-
olation to humans could be more dramatic since humans express
SULT in extrahepatic tissues more extensively than rats and may
therefore be more sensitive to HMF (Teubner et al., 2007).
In foods, HMF and related substances formed from dehydrata-
tion reactions of reducing sugars are summarised in Fig. 1. In addi-
tion, HMF and furfural (FURF) can react further by decarboxylation
(a), oxidation (b), dehydration (c), and reduction (d) reactions to
form different intermediates, apart from polycondensation reac-
tions to form final Maillard reaction products such as melanoidins
(Antal et al., 1990; Feather and Harris, 1973; Theander, 1981; Kroh,
1994). Extensive dehydration of HMF will give levulinic acid and
formic acid. HMFA and furan-2,5-dicarboxylic acid (FDCA) are
formed from oxidation of HMF where furoic acid FA and hydrox-
yfuroic acid (HFA) are formed from oxidation of furfural (FURF).
HMF is widespread distributed in the western diets since it is
largely formed in many processed foods and domestic cooking,
see Morales (2009) for a review. In a recent study on dietary expo-
sure to HMF from Norwegian population by a 24 h dietary recall,


























Fig. 1. Routes of formation and degradation of hydroxymethylfurfural (HMF) and related substances by decarboxylation (a), oxidation (b), dehydratation (c) and reduction
(d). Hydroxymethylfuroic acid (HMFA), 2-furoic acid (FA), furfural (FURF), 2,5-dicarboxilic acid (2,5DF), 5-methylfurfural (5MF), hydroxyfuroic acid (HFA).
G. Arribas-Lorenzo, F.J. Morales / Food and Chemical Toxicology 48 (2010) 644–649 645both because of the high levels of HMF in coffee and because the
high consumption (Husøy et al., 2008). It was estimated the HMF
intake at 5.56 mg/day. Then, given the popularity of coffee in wes-
tern diet it is relevant to obtain a picture of the current situation in
other EU countries with different habits of consumption such as
Spain. In this sense, Rufián-Henares and de la Cueva (2008) pub-
lished an assessment of HMF intake in the Spanish diet with a
mean of 10 mg/day from total consumption databases and the con-
tribution of coffee was 50.43% to the total dietary exposure. How-
ever, this study could be biased since HMF data from some food
items were extrapolated from studies in other countries and did
not match the situation in Spain. Previously, in a study on a cohort
of Spanish adolescent it was estimated a mean HMF intake of
5.08 mg/day where cereals and related food commodities were
the main contributors (Delgado-Andrade et al., 2007).
Besides the toxicological relevance of HMF and related sub-
stances, it is mandatory to evidence and to compare the intake
with other EU state members before to further decision on risk
management. In addition, it is necessary to supply the tools to as-
sess the monitoring progresses which are necessary in minimisa-
tion strategies applied at industrial level. Since, coffee account
significantly to the daily intake of HMF (Husøy et al., 2008) it is
necessary to get more insight on the occurrence and sources of var-
iability. This paper is aimed to contribute to a better understanding
of sources and levels of HMF intake from coffee consumption in the
Spanish population taking into account the partial contribution of
ground and soluble coffee.
This investigation presents a survey on commercial roasted
ground coffee (natural, torrefacto, and blend) and soluble coffee
marketed in Spain and its contribution to daily intake of HMF
based on a deterministic exposure model. At the same time this
investigation will provide scientific data basis to afford a precise
study in a future by Spanish Administration bodies.2. Materials and methods
2.1. Chemicals
All chemical used were of an analytical grade and were obtained from Sigma–
Aldrich (St. Louis, MO, USA), unless mentioned otherwise. 5-Hydroxymethyl-2-
furoic acid (HMFA, CAS# 6338-41-6) was purchased from Matrix Scientific (Colum-
bia, USA), HMF (5-hydroxymethylfurfural, CAS# 67-47-0), FURF (furfural, CAS# 98-
01-1) and FA (2-furoic acid, CAS# 88-14-2) from Sigma–Aldrich (St. Louis, MO,
USA). Tetramethyl-ammonium hydrogen sulphate (THAMS) was obtained form Flu-
ka (Buchs, Switzerland).2.2. Samples
Experiments were conducted with a series of commercial roasted coffee (35
brands from 21 producers) and soluble coffee (19 brands from 11 producers) ran-
domly purchased on different supermarkets in June 2008. Samples were distributed
according to their label, being natural, torrefacto and blend (natural with variable
proportions of torrefacto roasted coffee). Samples (300 g) were grinded, if neces-
sary, and a portion (100 g) was distributed in two containers and stored under vac-
uum and light protected at 4 C until analysis.
2.3. RP-HPLC–UV determination of HMF and furfural
HMF and furfural determinations in coffee were determined by reversed-phase
chromatography. Ground sample (500 mg) was suspended in 5 mL of 0.1% formic
acid solution in a 10 mL centrifuge tube. The tube was shaken vigorously for
1 min and clarified with 250 lL each of potassium ferrocyanide (15% w/v) and zinc
acetate (30% w/v) solutions. The resulting mixture was centrifuged at 4500g for
10 min at 4 C. The supernatant was collected in a 10 mL volumetric flask and
two further extractions were performed using 2 mL of 0.1% formic acid solution.
The supernatants were pooled, filtered (0.45 lm) and diluted 10-fold for HPLC anal-
ysis. The quantification of HMF and FURF was conducted with a Shimadzu HPLC
system (Kyoto, Japan) equipped with a LC-20AD pump, a SIL-10ADvp autosampler,
a CTO-10ASVP oven, and a DAD (SPD-M20A). The chromatographic separations
were performed on a Mediterranean-Sea ODS2 column (250  4.0 mm, 5 lm, Tek-
nokroma, Barcelona, Spain) termostatised at 32 C at a flow rate of 1 mL/min. The
mobile phase was a mixture of acetonitrile in 0.1% formic acid (5% v/v). The UV
detector was set at 280 nm and 10 lL of the extract was injected. HMF and FURF
were quantified using the external standard method within the range 0.1–10 mg/
L, and 1–10 mg/L for HMF and FURF respectively. Sample reporting levels of HMF
or FURF outside the calibration range were additionally diluted 10-fold in mobile
phase. LOQ for HMF and FURF were 4 mg/kg and 20 mg/kg respectively. Recovery
of HMF and FURF in spiked (150 lg/kg) coffee samples was 98.6% and 92.1% for
HMF and FURF, respectively.
2.4. IP-HPLC–UV determination of HMFA and FA
Procedure was adapted from Murkovic and Bornik (2007). Ground sample
(500 mg) was suspended in 5 mL of 0.1% formic acid solution in a 10 mL centrifuge
tube and was shaken vigorously for 1 min. Solution was clarified with 250 lL each
of potassium ferrocyanide (15% w/v) and zinc acetate (30% w/v) solutions, and cen-
trifuged at 4500g for 10 min at 4 C. The supernatant was collected in a 10 mL vol-
umetric flask and two further extractions were performed using 2 mL of 0.1% formic
acid solution. After that, supernatants were pooled. Supernatant (0.5 mL) was
loaded onto a pre-conditioned SPE cartridge (SEP-PAK plus C18, Waters, Milford,
MA, USA) and eluent was discharged. Ten milliliter of a 10% methanol solution con-
taining 5 mM of TMAHS was loaded and eluent was collected after discard the first
eight drops. The analyses of HMFA and FA were carried out on a liquid chromato-
graph Shimadzu HPLC system (Kyoto, Japan) previously described. The separation
was carried out on a Mediterranean-Sea ODS2 column (250  4.0 mm, 5 lm, Tec-
knokroma, Barcelona, Spain). HMF and HMFA were eluted with a mixture of water
(90%) and methanol (10%) containing 5 mM TMAHS as ion-pairing reagent for the
carboxylic acid. The flow was 1 mL/min and the injection volume 20 lL. HMFA
646 G. Arribas-Lorenzo, F.J. Morales / Food and Chemical Toxicology 48 (2010) 644–649and FA were detected at 255 nm and additionally characterised by UV-scan. HMF
and FA eluted at 9.2 and 12.5 min respectively. For HMFA and FA, the LOQ were
evaluated as 20 and 50 mg/kg, respectively. Recovery of HMFA and FA in spiked
(150 mg/kg) coffee samples was higher than 97.2%.
2.5. Food consumption data
In order to calculate the dietary intake of HMF from roasted coffee a food con-
sumption database was used. Exposure study was carried out from the Spanish Na-
tional Agricultural, Fishing and Food Administration based on a yearly consumption
database. It is a food survey annually published (MAPA, 2009). This is the most re-
cent measurement of dietary consumption in Spain at a national level. In this survey
data are collected from 8240 interviews to noninstitutionalized households and 898
interviews to restaurants, catering services, Institution (hospital, public schools,
penitentiary, etc.), covering 2008. The statistical universe of the study compile a
balanced, representative and stratified probability sample of the Spanish population
taking into account, gender, ages, regions, socio-economic status, among others. An
average body weight of 70 kg was used to estimate the total daily intake of HMF to
total population and expressed as lg/kg bw/day. Specific data of distribution of cof-
fee consumption according to the type of process were supplied by the Coffee Span-
ish Federation (FEC, 2009).
2.6. Statistical analysis
Analyses were performed using Statgraphics Plus, version 5.1, 2001 (Statistical
Graphics Corp., Rockville, MD, USA). At least, two independent analyses were car-
ried out per sample.
3. Results and discussion
3.1. Analysis of HMF, FURF, HMFA, and FA in roasted coffee
Literature compiles different chromatographic procedures for
determination of furfurals in coffee and coffee substitutes which
are mostly carried out by reverse-phase HPLC (Morales, 2009). Tra-
ditionally, HMF and FURF have been recorded at 280 nm since it is
a compromise between maximum wavelength, 284 and 277 for
HMF and FURF, respectively. The method described by Rufian-Hen-
ares et al. (2006) was applied which involve three consecutive
extraction steps in order to obtain the highest recovery. This
sequential extraction approach is absolutely necessary to coffee
samples since often less than 87% of initial HMF and FURF is solu-
bilised in the first extraction step (data not shown).
Fig. 2a describes a classical chromatographic profile of HMF and
FURF in a ground coffee sample (natural) being both compounds
identified by comparison retention time and corresponding spec-
tral profile with standards. HMF and FURF show a maximum peak
at 284 and 277 nm, respectively and a secondary peak at 231 and
228 nm, respectively. HMFA and FA were quantified separately
by ion-pairing HPLC as described by Murkovic and Bornik (2007).
Fig. 2b depicted a chromatogram of a ground coffee sample (natu-
ral) and HMF, HMFA, FURF, and FA can be simultaneously recorded.
However, procedure was just used for HMFA and FA since response
to HMF and FURF was lower. HMFA showed a maximum at 258 nm
and FA at 252 nm without secondary peaks. In coffee samples,
HMFA and FA eluted as pure peaks, according to their uv-spectrum.
This fact is important for FA since contamination with maltol (3-
hydroxy-2-methyl-4H-pyran-4-one) is possible but scan of maltol
has two characteristics peaks, 274 nm and 214 nm at the elution
conditions applied and can be easily discriminated.
3.2. Occurrence of HMF, FURF, HMFA and FA in roasted coffee
A total of 35 samples of ground coffee marketed in Spain were
studied: 15 from natural, 11 from blend and 13 from torrefacto. In
addition, 19 samples of soluble coffee were analysed but only 8
were identified according the type of processing, being 7 natural
and 1 torrefacto. According to the granulometry of the powder, sol-
uble coffee samples were subdivided in traditional spray drying
and modern lyophilization.Table 1 describes the levels of HMF, HMFA, and FA in the survey
of Spanish marketed ground coffees. In addition, levels of furanic
substances were divided according to the type of the label in the
product as torrefacto, natural and blend. FURF was not included
since levels were below LOQ for most of the samples analysed,
although the highest value recorded was 180 mg/kg. As expected,
HMF shows a wide variation in ground coffee samples from
24 mg/kg to 2186 mg/kg, nearly 100 times, being 689 mg/kg the
mean. The differences observed were attributed to the type of pro-
cessing (discussed later) and conditions applied. However, HMFA
and FA showed a limited variation with differences between min-
imum and maximum of 3.5 and 2-fold, respectively. HMFA and FA
levels are in the same order of magnitude than average values re-
corded for HMF. Average levels of HMF, HMF and FA were 689, 600
and 580 mg/kg, respectively. Levels of HMFA and FA were nearly
3–4 times lower in soluble coffee than in ground coffee likely
due to loss during evaporation and drying steps. However, sam-
pling in soluble coffee highlighted a significantly higher occurrence
of HMF as compared with ground coffee as described in Table 1.
Levels of HMF in soluble coffee ranged from 691 to 4023 mg/kg
with a mean of 2480 mg/kg. It is noteworthy to mention that the
minimum level of HMF content in soluble coffee was similar to
the mean level reported for the whole group of ground coffee. A
more detailed study on the HMF distribution in coffee highlighted
that two maximums of frequency at 2100 and 3200 mg/kg were
detected for soluble coffee and a main peak at 600 mg/kg and a
secondary peak at 2000 mg/kg were observed for ground coffee.
The differences in the distribution of HMF were correlated to the
type of processing for ground coffee, but there was not a clear cri-
teria (source of ground coffee, distillation, and type of evaporative
process) to justify the two well-defined maximums in soluble
coffee.
HMF is a classical marker of the extent of both the Maillard
reaction and caramelisation, and consequently an index of the
thermal treatment (heat load) applied. In the case of coffee, roast-
ing of green beans is a complex technological process where water
loss and final colour of the roasted beans reflect the end of the pro-
cess. From a commercial point of view, arabica coffee (Coffea arab-
ica) is the most highly produced variety in the world, as compared
with Robusta coffee (Coffea canephora var. Robusta). Blends of Arab-
ica and Robusta coffees at different proportions from 80:20 to
90:10 are commonly chosen by consumers. Torrefacto is a roasting
process classical from Spain which sugar is added to green coffee
(usually Robusta variety) up to 15 kg sucrose/100 kg green coffee
with the aim to intensify the extent of the Maillard reaction. Then,
in the Spanish market there are available three types of coffees that
are labelled as natural, torrefacto, and blends with different pro-
portions of natural and torrefacto (usually up to 30–40%). Litera-
ture described that HMF content is remarkably high; up to
6000 mg/kg in roasted products (Kanjahn et al., 1996). Murkovic
and Pichler (2006) reported levels between 262 and 547 mg/kg.
Values obtained in this study are in line with literature.
Furthermore, a specific study was carried in the three types of
ground coffee which are consumed in Spain, natural coffee (ob-
tained from traditional roasting of coffee beans), torrefacto (addi-
tion of sucrose before roasting) and blend (mixture of natural and
torrefacto ground coffee at different proportions). Literature de-
scribed amounts between 26 and 120 mg/kg in natural coffees
and between 500 and 2300 mg/kg in torrefacto coffee (Kanjahn
et al., 1996). Further statistical analysis by applying ANOVA
one-way clearly showed significant differences (P < 0.01) among
natural, blend and torrefacto coffees where the highest value
was for torrefacto coffee. It is noteworthy to mention that soluble
coffee showed the highest level of HMF but levels of HMFA and
FA were reduced likely due to the instability during the evapora-
tion step.
Fig. 2. Chromatogram of HMF and FURF separation (a) and HMFA and FA (b) in ground coffee.
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nificant differences among type of coffee processing; even it was
found any significant correlation (P < 0.05) between HMFA or FA
and HMF, neither between HMFA and FA. It is expected that other
chemical reactions different to the formation route of HMF are tak-
ing place in the formation of HMFA and FA. It has been reported in
the literature that HMF decreased with higher degree of roasting
whereas HMFA did not change (Murkovic and Bornik, 2007). It
has been stated that HMFA is also formed from different precursors
than HMF namely glyceraldehyde and pyruvate.
The type of coffee brew preparation is also important to be con-
sidered since the modality of consumption is tightly associated
with social habits and culture of different countries. Briefly, filter
coffee brew, plunger coffee brew, mocha coffee brew and espresso
coffee brew are common procedures where different ground cof-
fee: water ratio is used (López-Galilea et al., 2007; Sánchez-Gon-
zález et al., 2005). Brewing procedure is different since filter
coffee is an infusion method, Italian coffeemakers work at 0.5–
1 bar, and espresso machine works at a pressure of 15 bar. Table 2
described the estimation of HMF content per cup of coffee (serving
size) according to the brewing procedure. Higher levels of HMF are
expected in filter coffee (4.01 mg HMF per cup) due to the higher
final volume.
3.3. Dietary intake of HMF from coffee
Several studies point out to coffee as the main contributor to
the daily intake of HMF (i.e. Husøy et al., 2008) and specifically
in the Spanish diet (Rufián-Henares and de la Cueva, 2008). This
is due not only for the high level of HMF content but also to the
high consumption rate as compared with other food commodities.
In this sense, it is necessary to characterise the partial contribution
of each type of coffee and subsequently the impact of the type of
preparation of the coffee brew on the daily intake. However, the
estimation of Rufián-Henares and de la Cueva (2008) for coffee
was not rough enough for this purpose since raw data from ground
coffee was not obtained directly from the Spanish market and it
was based on estimation from the Austrian market (Murkovic
and Pichler, 2006). Spanish coffee market is particular and different
to Northern countries since consumption of torrefacto coffee is
present as opposite to other European countries. In a short-tem
exposure study on a Norwegian cohort, Husøy et al. (2008) also
identifies coffee consumption as the most important source fordietary intake of HMF, increasing the contribution up to 63%, both
because of the high levels of HMF in coffee and because of the high
consumption of coffee in the Norwegian population.
Exposure assessment from coffee was estimated from the na-
tional consumption database monitored during 2008 (MAPA,
2009). Although the point estimate (deterministic approach) does
not assess the probability or uncertainties or even does not identify
high-risk consumers since it is based on population and not on
subjects, it is a first approximation and a useful screening tool in
order to design a more specific study in case of a potential risk. To-
tal consumption of coffee in Spain was 3.129 kg/year/capita where
consumption at home, and outside were 55.12%, and 44.88%,
respectively. There was not a preference of coffee consumption be-
tween outside and at-home, but compared to 2007 the total coffee
consumption was slightly increased.
Table 3 summarised the estimation of HMF dietary intake by
the point estimate approach in four different scenarios. If the med-
ian value experimental HMF concentration for coffee is considered,
it leads to a daily intake of 9.59 mg HMF per person, but in the
worst scenario, intake is increased until 34.49 mg HMF per person.
It was only considered the scenario for adult consumption since
coffee and derivatives are not recommended for children and ado-
lescent. Rufián-Henares and de la Cueva (2008) estimated a total
dietary intake of 9.7 mg HMF/day for the Spanish population for
2006 and the partial contribution of coffee was 50.43%, which rep-
resents 4.9 mg HMF/day the contribution of coffee. In the study of
Rufián-Henares and de la Cueva (2008) the reference mean value
for coffee was obtained from Murkovic and Pichler (2006) over
22 samples of ground coffee ranging from 300 to 1900 mg/kg of
HMF. Then, contribution of soluble coffee and torrefacto coffee
was not considered. As described previously, levels of HMF in tor-
refacto and soluble coffee were significantly higher as compared to
natural and blend ground coffee. But the consumption of coffee in
Spain is low if compared to other countries in Europe, USA, Canada
but higher than Japan, according to latest worldwide consumption
data for 2007 (FEC, 2009).
It is possible to correct the estimation HMF intake by the point
estimate approach to a more realistic scenario based on the previ-
ous study carried out on the different types of coffees. Table 4 de-
scribed the contribution of each type of coffee to the final
estimation of HMF dietary intake. Possible bias caused by taking
all types of coffees at once was corrected and a value of
5.26 mg HMF/day was obtained which is nearly half of the rough
Table 2


























0.031 45 1.41 0.519 0.012 0.027
Filter
0.082 133 10.90 4.011 0.096 0.210
Italian
0.089 55 4.88 1.794 0.043 0.094
Soluble
0.020 55 1.10 2.676 1.849 7.440
Table 1
Distribution of hydroxymethylfurfural (HMF, mg/kg), hydroxymethylfuroic acid
(HMFA, mg/kg), and furoic acid (FA, mg/kg) in ground coffee and soluble coffee.
Ground coffee is subdivided in natural, blend and Torrefacto.
Mean Median Min Max P(5) P(25) P(75) P(95)
Ground coffee-all
HMF 689 368 24 2186 55 134 1119 1866
HMFA 600 577 281 1002 364 485 728 835
FA 580 559 400 813 419 503 657 794
Ground coffee-natural
HMF 110 128 24 182 33 67 140 172
HMA 655 693 281 1002 424 258 759 861
FA 603 602 429 812 452 546 675 733
Ground coffee-blend
HMF 625 641 303 1071 313 397 741 1027
HMFA 602 581 327 787 405 525 728 773
FA 622 598 454 813 474 551 682 800
Ground coffee-torrefacto
HMF 1734 1739 1168 2186 1343 1688 1855 2068
HMFA 503 465 379 915 383 398 510 780
FA 489 454 400 638 405 421 542 601
Soluble coffee-all
HMF 2480 2433 691 4023 1303 1730 3237 3912
HMFA 220 241 61 315 107 165 279 302
FA 184 188 105 233 123 167 205 231
Total coffee
HMF 1320 1119 24 4023 64 171 1882 3824
Table 3
Estimation of HMF dietary intake by the consumption of coffee (ground + soluble) by










Median 8.57 1119.30 9.59 137.07
Minimum 8.57 23.58 0.20 2.89
Maximum 8.57 4023.26 34.49 492.68
P(95) 8.57 3824.07 32.78 468.29
Table 4
Estimation of HMF dietary intake by the consumption of coffee (ground + soluble) by





















Torrefacto 8.57 1.44 367.61 0.05 0.65
Natural 8.57 34.76 127.87 0.38 5.44
Blend 8.57 54.92 640.92 3.02 43.10
Soluble 8.57 8.89 2385.77 1.82 25.96
Total 5.26 75.15
Table 5
Estimation of HMF dietary intake by the consumption of coffee (ground + soluble) by
point estimate approach considering relative contribution of each type of coffee at





















Torrefacto 8.57 1.44 1950.15 0.24 3.44
Natural 8.57 34.76 172.11 0.51 7.33
Blend 8.57 54.92 1027.44 4.84 69.09
Soluble 8.57 8.89 3912.06 2.98 42.57
Total 8.57 122.42
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8.57 mg/day for population with high consumption habits
(Table 5).
Morales (2009) reviewed the exposure, toxicology, biotransfor-
mation, and risk assessment of HMF in foods. The Scientific panel
of Food Additives, Flavourings, processing aids and material in con-
tact with foods (AFC) identified the limited number of toxicological
studies to conform a complete risk assessment evaluation of non-
sulphur substitutes furan derivatives. However, it was established
an mTAMDI value (modified Theorical added maximum daily in-take) of 1600 and 1300 lg/person/day for HMF and FA, respec-
tively. Previously, EFSA has already established an ADI value of
0.5 mg/kg bw for furfural, but not references are written for HMF.
Average HMF dietary exposure was 5.26 mg/day which is 10-fold
above the threshold of concern stated for EFSA, and only taking
into account the contribution of coffee.4. Conclusions
HMF, HMFA, FA are widely distributed in roasted ground coffee
and soluble coffee, but level of furfural is low and rather variable
being not representative of the product. Since coffee is the main
food commodities contributing to the total dietary intake of
HMF, it was better identified its distribution according to the type
of coffee. Mean values of 110, 625, 1734, and 2480 mg HMF/kg
were recorded for natural ground coffee, blend ground coffee, tor-
refacto ground coffee, and soluble coffee, respectively. Then, due to
the huge variability on levels of HMF in coffee it is necessary to
clarify the consumption of coffee regarding the type of roasted cof-
fee since estimation of contribution of coffee to dietary intake of
HMF might be greatly affected. An average level of 9.59 mg HMF/
day was obtained without correction and 5.26 mg/day was calcu-
lated taking into account the specific contribution of each type of
coffee to consumption. Although there is not regulation or recom-
mendations for limit of HMF content in foods, apart from honey for
adulteration issues, based on consideration of consumer’s health
protection due to biotransformation to SMF, this study could serve
as basis of further discussions of food experts and risk managers in
Spain and Europe. Recently, Davies et al. (2009) developed a meth-
od to measure HMF Schiff base adduct to N-terminal valine in hae-
moglobin that could be used as a biomarker of exposure in future.
But, measurement of urinary metabolites of HMF, like HMFA, has
also shown to be alternative biomarker of HMF exposure in hu-
mans (Husøy et al., 2008). All at all, preventive strategies for reduc-
ing exposure of HMF from coffee should be further investigated
G. Arribas-Lorenzo, F.J. Morales / Food and Chemical Toxicology 48 (2010) 644–649 649after evaluation of its occurrence in the different classes of coffee
present in the market.
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de acrilamida en patatas  fritas, galletas y panes que permita  cumplir  con  los estándares de 









La  norma  internacional  UNE  EN  ISO/IEC  17025:  “Requisitos  generales  relativos  a  la 
competencia de  los  laboratorios de  ensayo  y  calibración”  contiene  todos  los  requisitos que 













En  la  ISO 17025 se define  la validación como “la confirmación por examen y  la provisión de 
evidencia  objetiva  de  que  se  cumplen  los  requisitos  particulares  para  un  uso  específico 
propuesto”.  Todos  los  procedimientos  y métodos  de  ensayo  estándares  y  no  estándares, 
incluyendo  aquéllos  desarrollados  por  el  laboratorio,  se  validan  para  asegurar  que  dichos 





método analítico y en  la calidad de  los resultados, así como  la adecuación del método y sus 




































































Con objeto de  llevar a  cabo  la  confirmación  inequívoca de  los analitos,  la Decisión Europea 
2002/657/EC  (Decisión  de  la  Comisión  2002/657/EC)  establece  un  sistema  de  identificación 










Una vez optimizadas  las  transiciones,  se procedió con el  resto de variables que afectan a  la 
















































Finalmente  se  evaluó  el  voltaje  de  la  aguja  mediante  variación  aleatoria  en  el  intervalo 
comprendido entre 3000 y 4000 V, a  intervalos de 1 minuto, durante el cual se monitorizó  la 
señal m/z  72.  El  voltaje  que mejor  señal  proporcionaba  y  que  daba  lugar  a  una  señal más 
estable era el de 4000 V.  
 



























Inicialmente  se estudiaron  las  columnas disponibles en el  laboratorio para  compuestos muy 
polares.  La  primera  fue  una Atlantis  C18  de  150  x  4,6 mm  y  3  μm  de  tamaño  de  partícula 
(Waters®). Con esta columna no se obtuvo una buena resolución del pico cromatográfico por 
lo que se procedió a probar una segunda, la columna Pursuit C18 150 x 4,6 mm con un tamaño 
de  partícula  de  5  μm  (Varian).  Al  igual  que  con  la  anterior,  el  cromatograma  obtenido  no 
mostraba  una  buena  resolución  ni  separación  del  pico  cromatográfico  de  la  acrilamida  con 
respecto a los interferentes. Por último se probaron dos columnas más, una Inertsil ODS‐3 C18 
150 x 3,0 mm de 5 μm y otra de 150 x 2,1 mm de 5 μm (GL Sciences). Usando ambas columnas, 
la morfología  del  pico mejoró  considerablemente  siendo  finalmente  la  de menor  diámetro 
interno  la que mejor  resolución  y  sensibilidad mostraba.  Las  excelentes propiedades de  los 
rellenos Inertsil se deben en gran medida a la extraordinaria calidad de las partículas de sílice 
de  elevada  área  superficial,  especialmente  manipulada  para  proporcionar  una  elevada 




El estudio se  llevó a cabo trabajando en modo  isocrático y  la fase móvil ensayada fue agua y 
ácido  fórmico 0,2%  (A):  acetonitrilo  (B).  Se  evaluó  el porcentaje de  la disolución  acuosa de 
ácido  fórmico. Con este propósito se estudió un  rango comprendido entre 50:50  (v/v) hasta 
100:0  (v/v),  con  incrementos del 10%. De  los  resultados obtenidos  se observó que  la mejor 































loop  desarrollaba  un  pico  cromatográfico  más  ancho,  con  la  consiguiente  pérdida  de 
resolución y  sensibilidad. Asimismo,  la  inyección de 20  μL en micro pick‐up mostró una S/N 
prácticamente igual que inyectando más volumen (50 μL) en partial loop.  





























mayor (200 μL) y descartando el modo de  inyección full  loop. En  la Figura 19, se recogen  los 
cromatogramas obtenidos para un  patrón de  acrilamida  y  las distintas  formas de  inyección 
ensayadas. 
 




































































A fin de estudiar  la posible  influencia de  la adición de  la solución salina Carrez  (K4[Fe(CN)6] + 




Los  resultados  obtenidos  se muestran  en  la  Tabla  19,  en  la  que  puede  apreciarse  que  el 




  25 µL Carrez  100 µL Carrez  750 µL Carrez 
FAPAS de Galleta  97 ± 2  69 ± 2  62 ± 1 
Patata dopada  99 ± 1  75 ± 1  50 ± 3 
Galleta dopada  100 ± 2  71 ± 3  53 ± 3 





















agua  milli‐Q  y  50  μL  de  patrón  interno  (13C3‐acrilamida)  y  se  agita  1  min.  en  vórtex. 
Seguidamente se añaden 25 μL de Carrez I y otros 25 μL de Carrez II, se vuelve a agitar 10 s en 
vórtex y  se  centrifuga a 4000  rpm durante 10 min. Se  toman 1,2 mL del  sobrenadante y  se 












































































y:  Relación  entre  el  área  de  integración  del  pico  correspondiente  a  la  transición 
mayoritaria / y el pico del patrón interno. 
 
Las  rectas  de  calibrado  fueron  elaboradas  a  partir  de  disoluciones  acuosas  del  patrón  de 
acrilamida,  a  los  niveles  de  concentración  adecuados. Diariamente,  y  a  lo  largo  de  todo  el 
proceso de validación, se realizó una curva de calibrado para cada matriz con al menos cinco 


































































































Patata  0,9997  99  111‐2778 
Galleta  0,9978  96  70‐667 







condiciones  experimentales  establecidas.  El  LOD  se  ha  calculado  mediante  el  análisis  por 
triplicado  de  una  adición  del  patrón  de  acrilamida,  con  suficiente  concentración  para 
detectarla e identificarla, sobre cada una de las matrices de estudio. 
 




















1.  En  matriz  exenta  de  analito,  añadiendo  cantidades  conocidas  de  patrón  de  acrilamida 
(método de las adiciones). 




La  repetibilidad  o  precisión  intradía  expresa  la  precisión  del método  de  análisis  cuando  es 
realizado por el mismo analista bajo condiciones  iguales en  lo relativo a: reactivos, equipos y 






cinco  replicados  independientes  de  cada  una  de  ellas  en  el mismo  día  y manteniendo  las 
mismas condiciones. 
 
En  la  Tabla  22  se  muestran  los  valores  obtenidos,  para  las  distintas  concentraciones  de 
acrilamida en las matrices ensayadas. 
 
   Acrilamida (μg/kg)  RSD (%)  n 
  111  5  5 
Patata  1111  2  5 
   2778  1  5 
  70  5  5 
Pan  222  3  5 
   667  5  5 
  70  5  5 
Galleta  222  4  5 
   667  4  5 
 
Tabla 22. Repetibilidad del método analítico. 






de  cada matriz  sin  fortificar  (blanco  de muestra)  a  todo  el  procedimiento  analítico. No  se 


























  Acrilamida (μg/kg)  RSD (%)  n 
Muestra 1  181  3  5 























mismo  laboratorio  bajo  condiciones  ligeramente  diferentes,  entre  las  que  cabe  destacar: 
distinta  temperatura  ambiental,  nuevos  envases  de  reactivos  y  disolventes,  curvas  de 
calibración  diferentes,  etc.  Por  tanto,  mide  las  variaciones  intralaboratorio,  por  distintos 
analistas o diferentes equipos, aplicando el mismo procedimiento analítico.  
 




  Acrilamida (μg/kg)  RSD (%)  n 
  111  6  15 
Patata  1111  4  15 
   2778  1  15 
  70  7  15 
Pan  222  5  15 
   667  5  15 
  70  8  15 
Galleta  222  5  15 





  Acrilamida (μg/kg)  RSD (%)  n 
Muestra 1  181  1  15 















La  exactitud  se  define  como  el  grado  de  coincidencia  entre  el  valor  obtenido  de  una 
concentración o cantidad medida y el valor real de la misma. 
 
Se  estima  mediante  el  análisis  tanto  de  materiales  de  referencia  como  de  muestras 
adicionadas en ensayos de recuperación. Para evaluar  la veracidad del método propuesto se 
utilizó la siguiente expresión: 








Se  aplicó  el  procedimiento  analítico  a  dos  materiales  de  referencia  de  pan  tostado 




  Valor real (μg/kg)  Valor obtenido (μg/kg)  R % 
Muestra 1  980  987  101 
Muestra 2  271  284  105 
 









Las  recuperaciones,  con  respecto al valor  real,  tanto en el análisis de  los dos materiales de 






  Valor real (μg/kg)  Valor obtenido (μg/kg)  R % 
  111  106  95 
Patata   1111  1101  99 
   2778  2746  99 
  70  68  97 
Galleta  222  230  104 
   667  646  97 
  70  64  91 
Pan  222  203  92 
   667  634  95 
 










cumpliendo  las  tolerancias máximas permitidas para  las abundancias  relativas de  los 
iones producto característicos (Decisión de la Comisión 2002/657/CE). 








































aplicación  para  el  análisis  de muestras  comerciales.  Éstas  fueron  recogidas,  a  través  de  los 
Inspectores de Consumo de la Comunidad de Madrid, en comercios de los diferentes distritos 
de la capital así como en Mercamadrid. Todas las muestras fueron analizadas por duplicado. En 




De  forma periódica,  se procedió  a  la  realización  de  controles  de  calidad  internos mediante 
matrices blancas dopadas  con  cantidades  conocidas de acrilamida  y mediante el análisis de 






La  confirmación de  la  identidad de  la acrilamida  se  calcula a partir de  la  intensidad  relativa 
entre transiciones. De tal manera que se selecciona un  ión de cuantificación, que suele ser el 
más  intenso  (m/z  55)  y  un  ión  de  confirmación  o  cualificación  (m/z  54).  Las  intensidades 
relativas de  los  iones detectados, expresadas  como porcentaje de  la  intensidad del  ión más 
intenso o de  la transición, corresponderán a  las del patrón de calibración, bien de soluciones 
del patrón de  calibración, bien de muestras  enriquecidas,  en  concentraciones  comparables, 




















cuales  10  estaban  por  debajo  del  LOQ).  Como  era  de  esperar,  los  valores  más  elevados 
correspondieron a las patatas fritas, en algunos casos pudiendo llegar a superar los 2500 μg/kg. 
En el caso de las galletas, los niveles de acrilamida detectados oscilaron entre 86 y 629 μg/kg y 























































































































Pan tostado  271  190  1,5  FAPAS 3024  2009 
Galletas  1030  1184  0,9  FAPAS 3028  2010 
Galletas  260  268  0,2  FAPAS 3032  2011 
 










laboratorio  y garantiza  la  fiabilidad en  los  resultados de  los ensayos  y  calibraciones. Aporta 
confianza tanto en la competencia del laboratorio para emitir resultados trazables, como en la 
capacidad del  laboratorio para proporcionar un  servicio  adecuado  a  las necesidades de  sus 
























































































































Esta  Tesis  Doctoral  se  ha  centrado  en  el  estudio  del  nuevo  contaminante  químico  de 




SMF.  En  la  actualidad,  existe  un  debate  en  la  comunidad  científica  acerca  de  si  este  éster 
sulfato es el responsable de la carcinogenicidad del HMF. Si esta hipótesis es cierta, entonces 
los humanos podrían ser más sensibles a los potenciales efectos tóxicos del HMF, debido a que 
las  enzimas  sulfotransfersas  que  participan  en  la  reacción  presentan  mayor  actividad  en 
humanos que  en  roedores.  Esto  sugiere que  los  riesgos  asociados  a  la  exposición  a HMF  a 
través de  los  alimentos puedan  ser  superiores  a  los  estimados hasta  ahora  en  animales  de 





formación  en  procesos  industriales  y  culinarios,  el  papel  que  desempeñan  determinados 
compuestos  intermedios,  los mecanismos de  inhibición  y  la  exposición  a  través de  la dieta, 
centrándose también en alimentos característicos en la población española.    
 
















por  tanto,  las  mayores  concentraciones  del  precursor  de  acrilamida  se  encuentran  en  el 
salvado. Las harinas refinadas, por el contrario, contienen los niveles más bajos de asparagina. 


































un  aporte  extra  de  fibra  (>  5%)  contenían  mayores  niveles  de  acrilamida  que  las  no 
enriquecidas en fibra dietética (< 5%). Este hecho puede explicarse debido al enriquecimiento 
con salvado de  trigo y/o harina de  trigo  integral  lo que supone una mayor concentración de 
asparagina  libre  con  respecto  a  la  harina  de  trigo  normal  (CIAA,  2011).  Las  galletas 
enriquecidas  con  ingredientes  funcionales  también  mostraron  los  niveles  más  bajos  de 
acrilamida. Esto es debido a  la  incorporación en  las galletas de alcoholes de azúcar, como el 
maltitol y  lactitol así como de almidón de patata, en  lugar de  los azúcares simples (glucosa y 
fructosa) (Claus y col., 2008b).  
 





También,  se  ha  de  destacar  la  importancia  que  tienen  los  agentes  gasificantes  del  tipo 




formación de acrilamida al aumentar el pH del  sistema,  favoreciendo así  la  formación de  la 
base de Schiff y acelerando de este modo  la reacción  (Amrein y col., 2006a). Paralelamente, 




resultados mostraron  que  las  diferencias  significativas  encontradas  pudieron  deberse  a  las 
diferentes  condiciones  de  horneado  aplicadas  a  los  productos  ya  que  sus  composiciones 
fueron similares.  
 
Es  importante  tener en cuenta  los diferentes  ingredientes empleados en  la  composición del 
alimento  ya  que  el  contenido  final  de  acrilamida  podría  diferir  sustancialmente  en  los 
productos  de  panadería  que  consumimos.  Cualquier  cambio  producido  en  la  composición 













1.2). Los  resultados  recogidos por  las diferentes organizaciones  internacionales en sus bases 
de datos, con el propósito de evaluar  la exposición y  riesgos de  la  ingesta de acrilamida, no 
abarcan  todos  los  sectores  representativos de  la dieta. Es por ello  importante  considerar el 
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estudio  de  los  niveles  de  acrilamida  en  productos  regionales  o  específicos  de  cada  Estado 
miembro  de  la UE.  Además,  hasta  el momento  de  iniciar  este  trabajo  de  investigación  no 
existían apenas datos sobre acrilamida en churros, sólo dos artículos  informando de manera 
puntual en una única muestra (Bermudo y col., 2006; Yusa y col., 2006). Con respecto al HMF, 








aunque  determinar  el  punto  final  del  tratamiento  térmico  conlleva  parte  de  valoración 
subjetiva dependiendo del maestro artesano. 
 
Las  dos  variables  de  procesado  estudiadas,  temperatura  y  tiempo,  influyeron  sobre  la 
formación de acrilamida e HMF.  La  temperatura produjo un mayor efecto debido a que un 
incremento de tan solo 10 ºC duplicó los niveles de acrilamida e HMF. Es por ello que pequeñas 
variaciones  en  la  temperatura  de  fritura  pueden  tener  grandes  consecuencias  en  la 
concentración  final. Sin embargo, al  reducir  la  temperatura de  fritura  se genera una menor 
cantidad  de  estos  contaminantes,  pero  a  su  vez,  se  producen  efectos  negativos  en  las 
características  de  los  alimentos  como  son  un mayor  contenido  de  humedad  o  una menor 
intensidad de color, y en consecuencia la aceptabilidad del producto por parte del consumidor 
puede  verse  reducida.  Se  debe  considerar  el  compromiso  entre  la  reducción  de  acrilamida 
durante  el  tratamiento  térmico  y  el mantenimiento  de  las  propiedades  organolépticas. Del 
mismo modo, condiciones de fritura más severas, es decir, por encima de los valores óptimos 







muestra y no únicamente de  la  superficie, a pesar de que  la  formación del color durante el 





proceso de  fritura es un  fenómeno superficial,  lo que origina que  los valores recogidos sean 
algo más bajos.  
 
Sobre  la determinación de  acrilamida  e HMF  en muestras de  churros  comerciales  conviene 
señalar que el número de muestras  recogidas podría  ser aún bajo para poder  considerarlas 
como  representativas  a  nivel  nacional,  especialmente  teniendo  en  cuenta  que  este  tipo  de 
productos está disponible en pequeños puestos ambulantes, en bares y churrerías pudiendo 







En  el Artículo  1.3  se  ha  evaluado  la  influencia  del  aceite  desde  dos  aspectos:  compuestos 
fenólicos  y  grado  de  oxidación.  En  un  estudio  previo,  nuestro  grupo  de  investigación  en 
colaboración  con  otros  investigadores  demostraron  la  relación  entre  la  concentración  de 
compuestos orto‐difenólicos del aceite de oliva virgen de fritura y  la formación de acrilamida 
en  patatas  fritas  de  aperitivo  (Napolitano  y  col.,  2008).  Previamente,  estos  compuestos 
fenólicos demostraron también ser efectivos en mitigar la formación de aminas heterocíclicas 









secoiridoides  en  forma  de  agliconas  y  en  las  formas  dialdehídicas  de  la  oleuropeina  y  el 





mostraron  niveles  de  acrilamida  significativamente  más  bajos  después  de  un  tiempo  de 
horneado prolongado. Se encontró que la reducción estaba vinculada a una correlación inversa 
entre el contenido total de compuestos  fenólicos y  los niveles de acrilamida, y en particular, 
para  los  compuestos  que  presentan  en  su  estructura  grupos  orto‐difenólicos.  El  aceite  con 
mayor cantidad de polifenoles es el que presentó  la más alta concentración de derivados de 
oleuropeína  (compuestos dihidroxilfenoles)  y por  tanto el más efectivo.  Sin embargo, no  se 
observó efecto alguno sobre  los valores de acrilamida para otros  tiempos de calentamiento. 





por  Kotsiou  y  col.  (Kotsiou  y  col.,  2010),  probablemente  debido  a  que  estos  compuestos 
fenólicos suprimen la RM y con ello los PRM con capacidad antioxidante.  
 
El mecanismo por el  cual ocurre  la  reducción en  los niveles de acrilamida podría explicarse 
debido a que los compuestos fenólicos, gracias a su polaridad intermedia, pueden situarse en 
la  interfase  entre  la  fracción  lipídica  y  el  medio  hidrofílico  y  minimizar  el  avance  de  las 
reacciones donde participan compuestos carbonílicos derivados de los lípidos y/o bloquear los 




sobre  la  capacidad de otros  compuestos  fenólicos,  como por  ejemplo  el  ácido  ferúlico o  la 
epigalocatequina‐3‐galato para  inhibir  la formación de acrilamida a través de  los compuestos 
carbonílicos del aceite (Ou y col., 2010) o la capacidad de la catequina de limitar la degradación 
mediada por radicales de azúcares a través de la RM y/o caramelización (Capuano y col., 2010).  












la  oleuropeína  y  del  tirosol  existen  tanto  un  grupo  fenol,  que  actúa  como  donante  de 
hidrógeno  en  la  interacción  quinina‐amina  entre  los  fenoles  y  la  3‐aminopropionamida 
bloqueando  la  vía  de  producción  de  acrilamida,  como  grupos  aldehídos  que  promueven  la 
formación  de  acrilamida  (Kotsiou  y  col.,  2010;  Kotsiou  y  col.,  2011).  Cabe  señalar  que  son 




Otro  de  los  aspectos  importantes  derivados  de  este  artículo  se  ha  basado  en  evaluar  la 
influencia  del  aceite  termoxidado,  como  parte  de  la  composición  de  las  galletas,  en  la 
formación de acrilamida. 
 
Cuando  los  lípidos  se  oxidan  forman  hidroperóxidos,  los  cuales  son  susceptibles  de  una 




algunos productos de oxidación de  los  lípidos puedan  favorecer  la  formación de  acrilamida 
(Yuan  y  col.,  2008a).  Zamora  e Hidalgo  (Zamora  e Hidalgo,  2008)  demostraron  en  sistemas 
modelo que algunos  lípidos oxidados pueden degradar  la asparagina a acrilamida, así  como 
favorecer  la degradación de  la asparagina a 3‐aminopropionamida (Hidalgo y col., 2010a). No 
obstante, apenas hay estudios acerca de la influencia del aceite oxidado sobre la formación de 




Los  datos  del  presente  artículo  confirman  que  los  lípidos  oxidados  podrían  promover  la 
formación  de  acrilamida  aumentando  los  niveles  en  casi  un  60%  al  igual  que  los  de HMF, 




las  muestras  podría  retrasar  el  efecto  del  aceite  oxidado  (Capuano  y  col.,  2010).  Estos 
resultados  discrepan  de  los  aportados  por  otros  autores  que  afirman  que  la  oxidación  del 
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aceite no ejerce una  influencia  significativa en  la  formación de acrilamida  (Mestdagh y  col., 
2008b; Mestdagh y col., 2007; Hedegaard y col., 2008). 
 
Estos  resultados  parecen  sugerir  que  los  compuestos  carbonílicos  podrían  desempeñar  un 
papel importante en la formación de los contaminantes de procesado estudiados en esta Tesis. 





glioxal  y  metilglioxal  en  galletas.  Estudios  sobre  la  influencia  de 








Los  compuestos  1,2‐dicarbonílicos  más  estudiados  son  el  glioxal  y  el  metilglioxal.  Se 




En  la  bibliografía  se  describen  diversos  métodos  analíticos  para  la  determinación  de  los 
compuestos dicarbonílicos en matrices muy diversas, incluida la biológica. El metilglioxal se ha 
cuantificado  por  espectrometría  de masas  después  de  una  derivatización  química  con  2,4‐
dinitrofenilhidrazina  o  4‐amino‐5‐hidrazino‐3‐mercapto‐1,2,4‐triazol.  Asimismo,  se  han 
analizado  por GC,  previa  derivatización  con  cisteamina  para  generar  derivados  de  2‐acetil‐










Este  trabajo  (Artículo  2.1)  optimiza  y  valida  internamente  un  método  analítico  para  la 
cuantificación de los compuestos dicarbonílicos glioxal y metilglioxal en productos de galletería. 
La detección de estos aldehídos es importante debido a que reaccionan irreversiblemente con 







adecuada de  los  compuestos  con buena  resolución  en  tan  sólo 9 minutos. Estos  resultados 
presentaron una mejora considerable respecto a los obtenidos en vinos por De Revel y col. (De 
Revel y  col., 2000), y otros autores  (Daglia y  col., 2007), aunque  fue necesario aumentar el 




de  glioxal  y metilglioxal  diez  veces  superiores  a  las obtenidas para  productos de panadería 
como el pan o el pan  tostado  (Roiter   y col., 1972; Nagao y col., 1986). Este hecho  se debe 
fundamentalmente  a  las  diferentes  composiciones  de  ambos  productos.  En  general,  la 
composición  de  las  galletas  es  más  compleja  y  contiene  ingredientes  como  azúcares 
reductores y probablemente aceites insaturados, los cuales son precursores de los compuestos 
dicarbonílicos  a  través  de  la  RM,  caramelización  u  oxidación  lipídica.  En  comparación,  los 
derivados  del  pan  se  componen  de  harina  de  trigo,  levadura,  sal  y  agua,  por  lo  que  es  de 
esperar  que  los  compuestos  dicarbonílicos  se  encuentren  en  menores  proporciones  en 
condiciones similares de procesado.  
 
Los  valores más  altos  de metilglioxal  fueron  hallados  en  galletas  que  contenían  entre  sus 
ingredientes  bicarbonato  amónico  y  fructosa,  ya  que  ambos  productos  favorecen  su 
generación  (Amrein  y  col.,  2006a).  El  NH3  es  un  nucleófilo  y  reacciona  con  los  grupos 
carbonilos de  la glucosa o  la  fructosa  formando  iminas,  las cuales permiten  la generación de 












en  los bordes de  la galleta, debido a que en esas  zonas  la  temperatura y  la evaporación de 
agua fue mayor, favoreciéndose de ese modo la RM y la caramelización. 
 




que  casi el 80% de acrilamida  se  forma a  través de  la participación de  los  compuestos 1,2‐
dicarbonílicos  en  sistemas  modelo  de  Maillard  así  como  otros  autores  han  señalado  la 
importancia  del  glioxal  y metilglioxal  en  la  formación  de  acrilamida  (Amrein  y  col.,  2006a; 




observó una  correlación entre  la cantidad de acrilamida y  los compuestos 1,2‐dicarbonílicos 
generados  durante  el  horneado  de  las  galletas  en  el  laboratorio.  La  formación  de  estos 
compuestos  tiene  lugar  durante  las  primeras  etapas  del  tratamiento  térmico  hasta  que  se 
observa  generación  de  acrilamida  (Yuan  y  col.,  2008a). Mientras  que  en  el  caso  del  HMF, 




Con  respecto  a  las  galletas  comerciales,  siete muestras mostraron  valores  de metilglioxal  y 
acrilamida muy altos en comparación con el resto. Esta diferencia podría ser debida no sólo a 
las variaciones producidas por el proceso de horneado del alimento sino fundamentalmente a 
su  composición.  Sorprendentemente,  esos  niveles  tan  elevados  correspondieron  a  galletas





elaboradas  con  bicarbonato  amónico  o  fructosa  en  lugar  de  bicarbonato  sódico  y  glucosa. 
Amrein  y  col.  (Amrein  y  col., 2006a) demostraron,  en  sistemas modelo, que  el bicarbonato 
amónico, en comparación con el sódico, promueve la formación de compuestos dicarbonílicos 
siendo el efecto más acusado en presencia de fructosa en el caso del metilglioxal. Por lo tanto, 
es  importante  resaltar  que  este  hallazgo  demostró  por  primera  vez  que  la  formación  de 
acrilamida está relacionada con el intermedio reactivo metilglioxal en muestras comerciales de 
galletas. Un  año más  tarde Ye  y  col.  (Ye  y  col., 2011) encontraron  también una  correlación 















En  los  tres artículos que engloban este  capítulo  se ha evaluado el papel que desempeña  la 
piridoxamina como inhibidora de la formación de acrilamida. En 1988, Khatami y col. (Khatami 
y col., 1988) mostraron los primeros resultados que evidenciaban que los vitámeros B6 inhibían 
la glicación proteica siendo  la piridoxamina  la que mejores propiedades  inhibidoras mostraba 
(Voziyan, 2005). Numerosos trabajos han revelado, además, su gran capacidad para  inhibir  la 
formación  de  AGEs  in  vivo  y  de  ALEs  (Voziyan  y  col.,  2002;  Onorato  y  col.,  2000).  La 
piridoxamina  exhibe  una  excelente  capacidad  farmacológica  contra  el  desarrollo  de  las 
patologías  asociadas  a  la  diabetes, mediante  la  inhibición  de  la  RM  y  la  reducción  de  la 







En  primer  lugar  (Artículo  3.1)  se  estudió  el  efecto  de  la  vitamina  B6 y  sus  vitámeros  en  la 
formación de acrilamida. Con este  fin se emplearon sistemas modelo  (Glu‐Asn) simulando  la 
RM producida en un alimento de baja humedad. Los resultados mostraron que la piridoxamina 





la  vitamina C  fueron  las que produjeron  los mayores porcentajes de  reducción  y en menor 
medida el piridoxal (Zeng y col., 2009).  
 
De especial  interés  fueron  las diferencias encontradas entre  los porcentajes de  inhibición en 
relación con las tres formas de la vitamina B6. Estos resultados parecen indicar que los grupos 
funcionales  de  la  cadena  lateral  en  la  posición  cuatro  del  anillo  de  piridina  podrían 
desempeñar un papel significativo.  
 
En  la bibliografía se  indica que el piridoxal  inhibe  la glicación proteica mediante  la formación 
de una base de  Schiff protectora  a  través de  su  grupo  aldehído  con  los  restos  amino de  la 
proteína  (Khatami  y  col.,  1988).  En  el  caso  de  la  piridoxamina,  debido  a  su  grupo  amino 
nucleófilo,  es  capaz  de  reaccionar  con  los  compuestos  carbonílicos  de  bajo  peso molecular 
(glioxal, metilglioxal,  glicolaldehído o  3‐deoxiglucosonas provenientes  de  la RM, de  la  auto‐
oxidación de la glucosa o de la peroxidación lipídica) formar aductos y desactivar, por tanto, las 





cual  la  piridoxamina  inhibe  a  la  acrilamida  parece  estar  relacionado  con  el  bloqueo  de  los 
intermedios  1,2‐dicarbonílicos  glioxal  y  metilglioxal,  que  como  ha  sido  demostrado  en  el 
Artículo 2.1 juegan un papel importante en su formación. Posteriormente, Cheng y col. (Cheng 
y  col.,  2009)  confirmaron  nuestros  resultados  pero  utilizando  un  flavonoide  cítrico,  la 
naringenina. Más  recientemente,  se  ha  publicado  que  la  taurina  en  presencia  de  glucosa  y 





asparagina  podría  inhibir  la  formación  de  acrilamida  por  el  atrapamiento  de  intermedios 
carbonílicos (Hao y col., 2011). 
 
Otro  factor  a  resaltar  fue  el  descenso  significativo  en  el  pardeamiento  de  las  muestras 
adicionadas  con  piridoxamina,  confirmando  la  hipótesis  de  su  capacidad  para  atrapar  los 




el  bloqueo  de  la  ruta  de  formación  de  acrilamida  a  través  de  la  3‐aminopropioamida.  Se 
observó  un  aumento  en  las  concentraciones  relativas  de  la  3‐aminopropionamida  en  las 
muestras  adicionadas  con  piridoxamina.  De  hecho,  se  ha  demostrado  que  esta  amida  se 






sistemas  de  Maillard.  A  temperaturas  superiores  a  120  ºC,  las  concentraciones  de  estos 






otro  intermedio análogo y da  lugar al aducto  final. Asimismo, Nagaraj y  col.  (Nagaraj y  col., 
2002) describieron que  la piridoxamina  inhibe  la formación de AGEs a través de  la formación 
del aducto metilglioxal‐piridoxamina.  
 
Conviene  señalar  que  en  el  artículo  anterior  se  observó  una  reducción  en  los  valores  de 
acrilamida  por  efecto  de  la  piridoxamina  a  todos  los  tiempos  de  reacción  estudiados.  Sin 
embargo,  tras  analizar  los  resultados  obtenidos  de  este  trabajo  se  comprobó  que  no  se 
produjo disminución en las concentraciones de los compuestos dicarbonílicos hasta un tiempo 
más avanzado, que  sorprendentemente  coincidió  con el  tiempo a partir del  cual empezó  la 









de  la piridoxamina.  La piridoxamina es  capaz de  reaccionar directamente  con  la  acrilamida, 
luego  era  lógico pensar  que  se  estaban  formando  aductos de  reacción.  Los  aductos  fueron 
identificados  mediante  HPLC‐DAD  y  HPLC‐fluorescencia,  detectándose  en  total  cuatro 
significativos: AA‐PM‐1, AA‐PM‐2, AA‐PM‐3 y AA‐PM‐4. A medida que transcurría  la reacción 
algunos  picos  cromatográficos  iban  desapareciendo  (AA‐PM‐3  y  AA‐PM‐4)  mientras  que 




utilizaron  dos métodos  de  cromatografía  semipreparativa,  cromatografía  en  columna  flash 
seguido de cromatografía en capa fina, y posteriormente HPLC con columna semipreparativa. 
Fueron necesarias además dos composiciones diferentes de fase móvil para lograr aislar cada 
uno  de  los  aductos.  La  primera  con  ácido  trifluoracético  proporcionó  la  separación  de  los 




La  estructura del  aducto  1  contiene una unidad  de piridoxamina unida  a  dos moléculas de 
acrilamida  (aducto dímero), mientras que  la del aducto 3 únicamente  lleva una molécula de 
acrilamida  (aducto monómero).  Se  llegó  a  la  conclusión que el  aducto 3 era un  compuesto 
intermedio de reacción debido a que desaparecía conforme avanzaba la reacción, al contrario 













Figura  27.  Reacción  de  adición  entre  piridoxamina  y  acrilamida  para  dar  los  correspondientes 
aductos de Michael. PM: Piridoxamina. AA: Acrilamida. AA‐PM‐3: Aducto 3. AA‐PM‐1: Aducto 1. 
 
Con  respecto a  la  formación de aductos de acrilamida  como método de  inhibición, diversos 
artículos han identificado aductos de Michael con aminoácidos (Koutsidis y col., 2009; Adams y 




Por  otro  lado,  y  con  objeto  de  evaluar  la  aplicación  directa  del  efecto  de  la  vitamina,  se 
prepararon y hornearon galletas con exceso de piridoxamina a dos concentraciones diferentes. 
Los  resultados obtenidos pusieron de manifiesto  la  capacidad  inhibidora de  la piridoxamina 
respecto a  la  formación de acrilamida, mediada por  la  formación del aducto 3. Parece claro 
que no se  formó el aducto 1, mayoritario en  los sistemas modelos, ya que en  las galletas el 
exceso de nucleófilo provocó un cambio en el mecanismo de reacción.  
 










































exposición a  acrilamida a  través de  la dieta.  Sin embargo, hasta el momento de publicar el 
Artículo  4.1  no  existían  estudios  específicos  que  refirieran  su  ingesta  en  España.  Dada  la 
relevancia que  tienen  los productos a base de patata, en este  trabajo se  intenta avanzar un 




















Los  valores  de  acrilamida  encontrados  (ver  Parte  Experimental)  descendieron  en 
aproximadamente un 50% con respecto al muestreo realizado en el 2004 por nuestro grupo de 










En  cuanto a  la  ingesta promedio de acrilamida,  la primera estimación  calculada a partir del 
modelo determinístico no evalúa  la probabilidad o  incertidumbre o  incluso no  identifica  los 
consumidores de alto riesgo, ya que se basa en la población y no en los sujetos. No obstante, 
es una primera aproximación y una herramienta de evaluación a fin de diseñar un estudio más 





En  las  evaluaciones  de  la  exposición  de  los  consumidores  también  es  importante  saber  si 













Cuando  se  comparan  (Tabla  30)  los  niveles  de  ingesta  de  patatas  fritas  de  aperitivo  en  los 
adultos de la población española con los aportados por la EFSA (EFSA, 2011), se observa que la 
ingesta estimada estuvo cerca de los valores más altos de Europa, donde el rango de consumo 







no son muchos  los estudios  realizados en nuestro país  respecto a  la  ingesta de acrilamida a 
través de  las patatas  fritas u otros  alimentos,  y  los que  hay,  fueron  realizados por nuestro 
grupo  de  investigación  o  en  colaboración  con  otros  autores  (Rufián‐Henares  y  col.,  2006b; 
Delgado y col., 2010; Delgado y col., 2012). Son necesarios por  tanto, un mayor número de 
estudios para  la determinación de  las  concentraciones de acrilamida  tanto en  los alimentos 
habituales (patatas fritas, galletas, pan, etc.) como en alimentos específicos (rosquillas, churros, 











Bélgica  2004‐2005  0,38  9,4  0,036 
República Checa  2003‐2004  0,75  5,1  0,038 
Alemania  2005‐2007  0,33  5,3  0,017 
Dinamarca  2000‐2002  0,78  2,9  0,023 
Finlandia  2007  0,51  2,4  0,012 
Francia  2005‐2007  0,41  1,6  0,006 
Reino Unido  2000‐2001  0,63  8,5  0,054 
Hungría  2003  0,77  1,0  0,008 
Irlanda  1997‐1999  0,56  6,9  0,039 
Italia  2005‐2006  0,56  1,0  0,006 
Letonia  2008  0,44  5,6  0,024 
Holanda  2005‐2006  0,52  13,4  0,069 
Suecia  1997‐1998  0,49  5,3  0,026 
España  1999‐  0,44  4,6  0,020 























Bélgica  2002‐2003  2,00  3,2  0,064 
Bulgaria  2007  1,69  0,6  0,010 
República Checa  2003‐2004  1,80  3,9  0,070 
Alemania  2006‐2008  1,13  11,5  0,130 
Alemania  2006‐2008  1,17  11,5  0,135 
Alemania  2006‐2008  1,17  10,2  0,119 
Dinamarca  2000‐2002  1,42  5,5  0,078 
Finlandia  2003‐2006  1,42  3,3  0,047 
Finlandia  2000  0,86  6,2  0,053 
Francia  2005‐2007  1,41  3,9  0,055 
Grecia  2004‐2005  1,36  10,9  0,148 
Italia  2005‐2006  1,25  2,9  0,036 
Letonia  2008  0,99  10,7  0,106 
Holanda  2003  1,02  15,7  0,160 
Suecia  2003  1,08  8,2  0,089 
España  1998‐2000  1,34  10,3  0,138 












la  estimación de  la  exposición.  Los niveles de  acrilamida  en  los  alimentos disponibles  en  el 
mercado  varían  en  gran medida  entre  las  distintas marcas  y  lotes  de  producción. Además, 
podría afectar también la duración y las condiciones de conservación, así como las condiciones 
en que  los alimentos son preparados y procesados y  los diferentes hábitos alimenticios. Otro 
de  los  factores  que  explica  las  diferencias  entre  estimaciones  son  los  diferentes métodos 
utilizados  para  calcular  la  exposición  (FFQ,  encuesta  recordatorio  24  h  de  consumo  de 
alimentos, registro de consumo, etc.) así como los diferentes enfoques estadísticos. Por tanto, 
no siempre es posible una comparación directa entre estimaciones. Por ello, es preciso resaltar 
que  existe  cierta  reserva  acerca  de  la  fiabilidad  absoluta  de  las  evaluaciones  realizadas.  Es 







En un estudio de estimación de  ingesta en  la población noruega, el café ha sido  identificado 




meses antes a nuestro  trabajo una evaluación de  la  ingesta de HMF en  la dieta española e 
informaron de que el café contribuye aproximadamente el 50%, cálculo estimado a partir de 
bases de  datos de  consumo  total.  Sin  embargo,  la  información de dicho  trabajo podría  ser 
incompleta  ya  que  los  datos  de  HMF  para  el  café molido  fueron  extrapolados  a  partir  de 
estudios  realizados  en  Austria,  donde  el  tipo  de  café  consumido  es  diferente  al  no  estar 
presente  el  café  torrefacto, muy  característico  de  España,  ya  que  supone  hasta  el  2%  del 
consumo.  Además  hay  que  tener  en  cuenta  que  en  España  el  café  mezcla,  natural  más 
torrefacto,  representa  alrededor  del  45%  del  consumo  total  del  café.  Desde  que  se  ha 
demostrado  la contribución significativa de este alimento a  la  ingesta diaria de HMF, resulta 








































de  café  soluble  y  café  torrefacto  no  fue  considerada,  de  ahí  que  el  valor  estimado  sea 




Debido a  la enorme variabilidad encontrada en  los niveles de HMF en el café,  fue necesario 
estimar  el  consumo  en  relación  al  tipo  de  tostado  del  café  ya  que  la  estimación  de  la 
contribución a la ingesta de HMF puede verse muy afectada, aproximándonos de este modo a 
un escenario más realista. El valor obtenido fue entonces de 5,26 mg/día, que es casi la mitad 





respectivamente  (EFSA,  2005a).  Previamente,  la  EFSA  estableció  un  valor  de  ingesta  diaria 











Capítulo  5.  Puesta  a  punto,  validación  y  acreditación  (norma  UNE  EN 





los agentes evaluadores de  la  conformidad, en  los  laboratorios. Por  tanto,  cada  vez es más 









necesaria. Aún así,  la falta de normativa  internacional y de  legislación comunitaria específica 
así  como  la  ausencia  de  un  método  de  análisis  oficial  para  el  control  de  los  niveles  de 
acrilamida en alimentos, podría suponer una  limitación en  la  interpretación de  los resultados 
obtenidos. Por ello, resulta necesario, disponer de un método normalizado de análisis para la 
comparación de  los valores objeto de estudio que procedan de diversos  laboratorios. En este 





análisis de acrilamida en  alimentos  (pan, galletas  y patatas  fritas).  Los  resultados obtenidos 
han permitido demostrar  la  fiabilidad del procedimiento analítico, asegurar  la calidad de  los 
ensayos realizados y acreditar al LSP por ENAC según la norma europea UNE EN ISO 17025. 




































































































• La formación de acrilamida en  los productos de galletería está  íntimamente  ligada a  la 




o La  utilización  de  bicarbonato  amónico  como  agente  gasificante  favorece  el 
incremento en las tasas de formación de acrilamida en las mismas condiciones 
de horneado. 
o Los  productos  de  oxidación  lipídica  deben  ser  considerados  como  un  factor 
importante en la formación de acrilamida durante el horneado. 
o Los niveles de acrilamida se reducen hasta un 20% en  las galletas elaboradas 
con  aceite de oliva  virgen  con  elevada proporción de dihidroxi/monohidroxi 
secoiridoides.  
 
• El establecimiento de un punto  final preciso durante  la elaboración de masas  fritas es 









metilglioxal  en  galletas  por  HPLC‐UV,  se  ha  constatado  que,  bajo  condiciones 




















• La  contribución  del  consumo  de  patatas  fritas  de  aperitivo  a  la  ingesta  diaria  de 
acrilamida  en  la dieta  española,  se  estima  en 0,042  y 0,053  μg/kg peso  corporal/día, 













mediante  LC‐MS/MS  en  colaboración  con  el  LSP.  Dicho  procedimiento  es  aplicable  a 
alimentos procesados, horneados y fritos. 
 












































































































312  344  0,5  IRMM 23273  2008 
Pan tostado  205  271  1,2  FAPAS 3024  2009 
Galletas  253  322  1,1  FAPAS 3025  2010 
Pan tostado  143  166  0,6  FAPAS 3030  2011 
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Acrylamide  is  a  heat‐induced  contaminant  naturally  formed  during  home  cooking  and 
industrial  processing of many  foods  consumed daily  around  the world.  French  fries, potato 
crisps,  bread,  cookies,  and  coffee  exert  the  highest  contribution  to  dietary  exposure  of 
acrylamide  to humans.  Furthermore,  food  safety  international bodies  and  industrial  sectors 
are very active for  implementing strategies to minimize  its formation during roasting, baking, 
frying, toasting, etc. Given the prevalence of acrylamide in the human diet and its toxicological 
effects,  it  is  a  general  public  health  concern  to  determine  the  risk  of  dietary  intake  of 
acrylamide. However, associations between dietary acrylamide exposure and  increase risk of 
different  cancers are  somewhat  controversial and do not have a direct extrapolation  to  the 
global population. Accordingly,  further  long‐term studies with a general view are ongoing  to 







































































A  computer  vision  based  image  analysis  algorithm  was  developed  for  the  prediction  of 
acrylamide level in cookies. Digital images of cookies were segmented based on the predefined 
color  references  representing  the mean  red, green and blue values of brownish and cream‐
colored regions. The browning ratio was defined as the ratio of brown pixels to total pixels and 
calculated using  the segmented  images of cookies. Cookies were prepared  from  four recipes 
by  baking  at  200  and  220  ºC  for  different  times  up  to  25 min.  The  rates  of  browning  and 
acrylamide  formation  followed  almost  the  same  kinetic  pattern  during  baking.  Recipe 
formulation  and  baking  conditions  affected  these  rates  in  a  similar  way.  A  significant 
correlation  (r  = 0.946, p  < 0.01) was observed between  the browning  ratio  and  acrylamide 
concentration  in  cookies.  A  browning  ratio  of  less  than  8%  indicated  that  acrylamide 




































































activity  (AOA)  in  cookies were  studied.  The  cookies were  baked  at  different  temperatures 
(180–220 C) for different times (10–25 min). AOA was measured by the ferric reducing power 
(FRAP),  2,20‐azinobis(3‐ethylbenzothiazoline‐6‐sulfonic  acid)  (ABTS),  2,2,‐diphenyl‐1‐
picrylhydrazyl  (DPPH)  coloured  radicals,  and  oxygen  radical  absorbance  capacity  (ORAC‐
fluorescein)  in  automated plate‐reader  assays. Net AOA  varied  regarding  the  assay  applied, 
whereas higher AOA was always obtained for the ABTS assay and  lower for DPPH assay, and 
ranging from 2 to 200 μmol Trolox/g sample. At higher temperature and baking times, higher 
AOA  in  cookies  regardless of  the  formulation was  recorded. Glucose enhances  formation of 
compounds  with  higher  AOA  compounds  as  compared  with  sucrose  recipes.  Ammonium 
bicarbonate clearly promotes  the  formation of AOA  for sucrose recipes but  this effect  is not 
observed in glucose recipes and varied with the AOA procedure applied. A risk/benefit  index, 
based on  the concomitant  formation of neo‐formed contaminants and substances with AOA 
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yield  of  acrylamide  for  various  cereal‐  and  potato‐based  thermally  processed  foods.  In  the 
multiple‐stage procedure, extraction of ground sample was sequentially performed up to four 
times using 10 mM formic acid or methanol as the extraction solvents. The extraction yield of 
acrylamide  was  determined  for  each  stage.  Single‐stage  extraction  resulted  in  lower 
acrylamide concentrations  for all  food matrices  regardless of  the  type of extraction  solvent, 
solvent‐to‐sample ratio, prior defatting, extraction temperature and time. The results revealed 
that a single‐stage procedure underestimated  the concentration of acrylamide  in  foods by a 
factor  of  up  to  50%  depending  on  the  type  of  solvent  applied  during  the  extraction.  The 
extractability  was  an  exponential  function  which  can  be  used  to  optimize  the  multiple 
extraction  conditions  during  the  analysis  of  foods  for  acrylamide.  In  general,  the  aqueous 
extraction  using  10  mM  formic  acid  was  found  to  be  more  effective  than  the  methanol 
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